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INTRODUCTION 


One of the most intriguing goals of the 
physical scientist throughout the centu- 
ries has been to determine the basic units 
that make up ordinary materials. Volume 
14, the first of three volumes devoted to 
physics, sets out to describe the physi- 
cists present understanding of matter. 

The most fundamental particles yet 
discovered are the elementary particles, 
the most familiar members of which are 
the electron, the proton, the neutron, and 
the mesons. Many of these particles were 
originally discovered in experiments in- 
vestigating the decay of radioactive ma- 
terials such as uranium, and in observa- 
tions of the secondary particles produced 
in the atmosphere by the cosmic rays 
which bombard the Earth from outer 
space. Today, however, the elementary 
particles are manufactured and studied 
in controlled situations at the various 
high-energy accelerators throughout the 
world. The number of elementary par- 
ticles discovered so far is surprisingly 
large—in fact, about 100. This suggests 
the exciting possibility that yet another 
level exists. 

It is often convenient to consider mat- 
ter as being made up of atoms and of 
molecules, which are small aggregates of 
atoms. Atoms may be thought of as par- 
ticular configurations of elementary par- 
ticles. At the center of an atom is a tiny 
cluster or nucleus composed mainly of 
protons and neutrons, and surrounding 
this nucleus is a cloud of orbiting elec- 
trons. Each element in the periodic table 
is distinguished by the number of pro- 
tons in its nucleus, or alternately by the 
number of orbiting electrons. As the 
name implies, nuclear physics is the 
study of the properties of the nuclei of 
the various elements; some nuclei, for 
example, are unstable and break up, lead- 
ing to radioactivity and fission. The elec- 
trons and the locations of their orbits 
determine the chemical properties of 
each element, and are intimately associ- 
ated with such phenomena as magnetism 
and superconductivity. 

This interpretation of matter in terms 
of atoms, molecules, and even more basic 
particles began with a study of matter in 
its more tangible forms of solids, liquids, 
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and gases. The knowledge o more 
fundamental entities unifies thi sicist’s 
picture of these three states. 

Gases are made up of vast ers of 
molecules or atoms in rapid 1 n mo- 
tion. The molecules are se; d by 
large distances compared to tl; limen- 
sions, so that intermolecular '5 are 
weak. It is then easy to under d, for 
example, why gases are ex com- 
pressed, and how they always ind to 
occupy the entire volume of the losing 
vessel. 

The atoms of solids, on the « hand, 
are tightly packed together, u y ina 
regular array called a cn ittice. 
Strong interatomic forces all. solid 
to retain its own shape, and iysical 
properties, such as the presc: f pre- 
ferred cleavage planes, can irectly 
related to the nature and gec ic ar- 
rangement of its c alline st re. 

Liquids are intermediate bet gases 
and solids. The intermolecula es in 
à liquid are not sufficiently stro » hold 
the molecules in a fixed latti: sition 
(the mobility of the molecule easily 
demonstrated by the rapid d on of 
two liquids). As a consequence liquid 
has no shape of its own but ci ms to 
the shape of the containing ves How- 
ever, the forces are strong enough to al- 


low a liquid to keep a constant volume. 

Transitions between these three phases 
can likewise be directly understood in 
terms of the mobility of the constituent 
molecules and atoms. Adding heat cor- 
responds to giving energy to individual 
molecules and atoms. If sufficient heat is 
added to a solid, the atoms can acquire 
enough energy to break away from their 
lattice positions and move around more 
freely (a solid melts). Similarly, a liquid 
can be vaporized by providing enough 
energy to free its constituent molecules 
even further. 

Many exciting phenomena still require 
investigation, and undoubtedly many new 
phenomena remain to be discovered. It 
is not surprising, therefore, that physics 
remains one of the most fascinating of 
all the sciences. 


AncumaALD W., Henpry, Ph.D. 
Assistant Professor of Physics, 
Indiana University 


THE ESSENCE 


F PHYSICS 


is the science of measurable 
s; specifically, it measures mat- 
energy. This definition is the 
al possible of a science with 
ige of content, yet at the same 
of limited scope and vague 


BDIVISIONS AND 
OF PHYSICS 


is the investigation of certain 
es of any object: namely, those 
s that are measurable: the 
ind mass of the object, the color 
rface, and the arrangement of 
is; how it would behave in a 
or in the atmosphere; how it 
ict to a very high temperature, 

would happen if it were struck 
wer of cosmic rays or subjected 


of measurable phenomena 


to radiation from a nuclear reactor. 

All these phenomena can be described 
in terms of numbers representing the de- 
velopment of the phenomena, or num- 
bers representing the quantities that re- 
late to the object itself. For example, it is 
possible to establish that the body under 
consideration weighs 27 kilograms, that 
its color locus is 0.321 (0.700 correspond- 
ing to green), and that if subjected to 
radiation in a nuclear reactor, the object 
will slow down neutrons bombarding it. 
It is also possible to establish at what 
points the neutrons will come to rest after 
being slowed down, and in what density. 

These are the facts and phenomena 
with which physics deals, because they 
concern measurable quantities relating to 
the object under consideration. Obvi- 
ously, there are many other measurable 
properties of the same object, but these 


experiment, theory, and the science 


do not all necessarily come within the 
range of physics. The object's capability 
of being imagined by the human mind, 
for example, is not a measurable quantity; 
therefore, physics is not concerned with 
the study of that property. This distinc- 
tion is highly important in demonstrating 
the clear distinction between physics and 
philosophy. Philosophy does consider 
other properties of things—as, for ex- 
ample, whether they can be judged on 
the basis of aesthetic or moral principles. 
A description of the limits of physics is 
not a restriction of the potential of this 
science, but a clarification necessary to 
an objective description of the physical 
quantities and the physical laws with 
which physicists deal. Physicists seek 
the central ideas through which order 
and coherence may be brought to great 
areas of common experience. 


THE CALCULATION OF A BALLISTIC TRA- 
JECTORY—To determine the trajectory of a 
shell, its weight, external shape, and initial ve- 
locity must be known, as well as the atmo- 
spheric conditions—or, at least, for a first ap- 
proximation theory, the density of the air. The 
direction of firing and the range of the target 
must also be known. Once all these data have 
been established, the trajectory of the pro- 
jectile can be calculated with a reasonable 
degree of accuracy. 


PHYSICAL THEORIES 


Whenever a physicist studies a phenome- 
non, he tries to discover mathematical 
laws that will allow him to describe how 
that phenomenon will develop under all 
possible conditions. If he wishes to study 
the trajectory of a projectile fired from a 
cannon at a given initial velocity in a 
given direction, with a given mass and 
subject to the resistance of the atmo- 
sphere, he will limit his study to the rele- 
vant data. This phenomenon can be ex- 
plained without taking into consideration 
the internal structure of the projectile, 
the thickness of the shell case, the weight 
of the explosive charge, or the material 
of which the fuse is made. 

On the other hand, the physicist must 
know the external shape of the projectile, 
because it is this shape that determines 
the resistance of the projectile to the air. 
When the motion of the projectile is 
studied, therefore, the projectile is con- 
sidered simply as a body with a given 
shape and a given mass. If the initial ve- 
locity of the projectile is observed, as well 


as the direction of its motion and the den- 
sity of the air at all altitudes through 
which it passes, both its range and the 
geometrical characteristics of its trajec- 
tory can be calculated. Ultimately, all 
this can be plotted to scale with extreme 
accuracy. 

From these calculations the trajectories 
of projectiles of different shapes, masses, 
and initial velocities can be calculated. 
The physicist can then say that he has 
worked out the theory of motion of pro- 
jectiles. The theory will consist of for- 
mulas and procedures required to predict 
the motion of any projectile in the atmo- 
sphere and gravitational field of the 
Earth. 

At this point, the question arises: how 
valid is the theory that has been worked 
out? The theory is first tested by actually 
firing projectiles to see whether their 
motion is as predicted. If so, the theory 
is valid; if not, the theory must be re- 
thought. There is also the possibility that 
the theory will prove to be only partially 
valid—that it may predict the motion of 
projectiles only up to a certain range. 


For example, the theory may state that 


| 
| 


all projectiles will follow the path of a 
parabola. In this case, the theory will 
prove false for calculating : s that 
are large with respect to the : : of the. 
Earth, because the path of ojectile 
in the Earth's field of gravit subject - 
to Keplers laws, and the p ctually 
becomes an ellipse. The path e con- 
sidered approximately a p: la only 
for short ranges. The longer range, 
the wider the error caused b; lecting 
the elliptical path of a traject: ! space, 
The parabolic theory is, the: , valid 
only for a limited category of jectiles 
—those fired at short range. theory. 
is a special case, a part of a n general | 
theory that would explain am à larger | 
category of phenomena. Such rabolic 
theory would be called a "fir. approxi- | 
mation" theory because it co: lose to 
the complete theory. 

THE NUCLEAR REACTOR—On: »e most 
indispensable instruments in all modern 
Science, the nuclear reactor is in both 
experimental and theoretical nuc physics. 
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first approximation theory and the 

te theory are both examples of 
developed only after observing 
wracteristics of moving projectiles 
derstanding the need to express 
characteristics in mathematical 

ı order, for example, to regulate 

t "uracy of artillery or missiles. Al- 
ti a complete theory is obviously 
r satisfactory than an approximate 
ti the latter may be just as useful 
i tice as it is simpler and therefore 
; adopt. Such theories, developed 

jain given categories of phenom- 

€ ve known as “interpretative” the- 


interpretative theory may be so 
com). ete that it can lead to the discovery 
of now phenomena. For example, Sir 
Isaac Newton's theory of universal gravi- 
tation was later used to discover a new 
planet, Neptune, merely by calculation. 
The theory of universal gravitation, 
which interprets the behavior of falling 
bodies and the movements of the stars 
and planets, permitted the discovery of 
a planet unknown at the time the theory 
was developed. Such theories are de- 
scribed as “heuristic,” a word developed 
from a Greek root and meaning “able to 
stimulate new discoveries and not limited 
P the interpretation of already known 
acts." 


THE NEED FOR EXPERIMENTS 


Experiments alone can verify the accu- 
racy of the conclusions or predictions of 
a theory. A theory may lead to a number 
of deductions. For example, the theory 


of the motion of projectiles may also 
serve to predict the movements of arti- 
ficial satellites, but only as long as no 
experiment contradicts the theory by its 
results. Only theories proved by a long 
series of experiments can be accepted as 
valid without reservations; in most cases, 
however, experiment and observation 
suggest the need for new theories or, at 
least, improvements in existing theories. 

Toward the end of the nineteenth cen- 
tury, a number of experiments on the 
motion of bodies at speeds close to that 
of light exposed the inadequacy of the 
laws of mechanics as worked out by 
Galileo and Newton. Although it became 
clear that these laws were still valid for 
slower-moving bodies, the experiments 
showed that the laws were not univer- 
sally valid. In 1905, Albert Einstein pro- 
duced a new theory to explain the phe- 
nomena of bodies moving at speeds close 
to that of light. 

Einstein's theory, known as the special 
theory of relativity, is more general than 
Newton's laws. It would not, however, 
be correct to state that the special theory 
of relativity produced a revolution in the 
laws of physics. The earlier laws were 
not shown to be mistaken, only incom- 
plete; to be more exact, they were part 
of a more general situation explained by 
the special theory of relativity, and they 
were still adequate to explain a limited 
category of phenomena. Almost all prog- 
ress in physics, and more generally in 
all of the sciences, is made through the 
improvement and extension of existing 
theories with the support and suggestions 
contributed by experiments. So-called 


THE TRAJECTORY OF A PROJECTILE—A 
simple method for predicting the trajectory 
of a projectile through space is to imagine 
that its path will be a parabola, in which case 
the projectile should fall at point a. Such a 
theory is known as a first approximation 
theory. Considering that the path of a pro- 
jectile around the Earth is actually an arc of 
an ellipse, a point of impact b, still closer to 
the actual point of impact, can be predicted. 
If the resistance of the atmosphere is also 
considered, a third point of impact c can be 
predicted. This improved approximation theory 
allows the determination of a point of impact 
very close to the actual one. 


scientific “revolutions” are not revolutions 
at all; they are periods of rapid progress. 


PHYSICS AND TECHNOLOGY 


New theories of physics and the experi- 
ments essential to them often require 
the development of special techniques. 
For example, a new theory often de- 
mands highly complex mathematical 
techniques that mathematicians them- 
selves have not always expressed in the 
most convenient form. A theory may also 
require such a vast number of calcula- 
tions that only the most up-to-date elec- 
tronic computers can cope with them. 

New experiments often require new 
and complex equipment. Yet ever since 
the time of Galileo, the need to perfect 
the techniques of mathematics and cal- 
culation and to provide newer testing 
equipment has led to progress not only 
in science, but in technology as well. 
Since Galileo’s time, the discoveries and 
tools of physics have been applied to 
technology and industry with ever greater 
rapidity. Within a century of its inven- 
tion the pendulum, which Galileo in- 
vented as an instrument for regulating 
clocks, led to the construction of virtually 
perfect chronometers. Similarly, high-po- 
tential electric generators were produced 
within decades of Michael Faraday's in- 
ventions. 

Today, many discoveries and inven- 
tions are actually sought with the precise 
aim of putting an industrial process into 
operation or producing a particular in- 
strument. Part of the research work of 
modern physics is done by industry. 


THE USE OF MODELS | from scale model to origina 


A ship designer has designed a new type 
of hull. Scientific theory states that a ship 
with this type of hull will attain high 
speeds with relatively low power. Appli- 
cation of the theory is so complex, how- 
ever, that it cannot be used to design and 
construct a full-scale prototype. Before 
construction can begin, the designer must 
know if the theory is correct. How can he 
test it? 

The answer is simple: he can construct 
a scale model, one hundred times or so 
smaller than a full-scale one, which can 
be tested in a large tank of water. The 
main problem is to find the proper ratio 
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GEOMETRICAL AND MECHANICAL MODELS 
—The simplest type of model is a reconstruc- 
tion to scale of an object. 

The small cube b is a geometric scale model 
of the large cube a. The model was made to 
a scale of 1/10 by reducing all its dimensions 
by the factor of ten. In geometric models, the 
reductions apply only to linear dimensions: 
the angles remain unchanged. Only linear di- 
mensions are used if the scale factor is to be 
respected linearly. The surface dimensions, 
however, have been reduced by a ratio of 
1:100 and those of volume by a ratio of 
1:1,000. 

These facts are implicit in the construction 
of geometrical models and are sufficient to 
illustrate the sort of difficulties encountered 
in making mechanical models. Given the geo- 
metrical model b, to represent a simple cube 
a resting on the ground, if the original object 
and the 1/10 scale model are made of the 
same material, the weight as well as the vol- 
ume will be reduced to a thousandth of the 
weight of the original. The pressure exerted 
on the ground by the model cube is exactly 
the value of the scale factor—1/10 that of 
the original. The complications increase with 
more complex objects or mechanical systems. 


between the power required for the 
model and that needed for the actual 
ship. Scientists and engineers are able to 
solve this problem quickly. 

In aircraft design, models are built and 
their flight characteristics tested in a 
wind tunnel. Models of missiles and less 
spectacular systems of transport are simi- 
larly tested. Models of ships, aircraft, and 
rockets help solve practical problems in 
design. Thus, since early times men have 
made models, at scales ranging from 
miniature to full size, as the most direct 
approach to exploring the characteristics 
of new constructions and demonstrating 


NEWTON'S LAW—Sir Isaac Newton worked 
out the laws for finding the scale factors of 
mechanical models, in which kinetic and dy- 
namic quantities as well as geometric ones 
are involved. Consider a mechanical magni- 
tude Q with dimensions (L° T^ M"). Newton 
showed that for a model of the system to 
which this magnitude applies, which is re- 
duced by the factor A, the corresponding mag- 
nitude q is reduced by the proportion given 
by the equation: 


Qz-XB/2 + Sq. 


the three-dimensional qualiti known 
ones. Today, modelmaking highly 
developed profession in the s > of in- 
dustry, education, architect: e mili- 
tary, and other fields. 

Scale models of entire p: :d fac- 
tories are made to study loc: f stock 
rooms, machinery, and oth cilities 
in order to achieve maximu ficiency 
in production-line assembly. l educa- 
tional programs, industry u utaway 
or clear plastic models to d onstrate 
working relationships of t! nachine 
parts. 

The study of water flow yielded 


In order to design the hull of a ship and 
Study its properties of resistance to water, à 
model is constructed to a scale of 1:100. It 
is necessary to calculate the velocity (speed) 
at which the mode! must be pulled in a testing 
tank to determine the performance character- 
istics of the actual ship. The velocity has the 
dimensions V = (L'T-'), Therefore, the model 
must be pulled at a velocity ten times less 
than the speed of the ship. This calculation is 
made for all models tested in hydraulic tanks, 
such as the one in the illustration. Newton's 
law, when applied to models of ships, is known 
as Freude's law. 
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isual models. One of the largest 
: a complete working model of 
sissippi River basin, which is 
the U.S. government for demon- 
and experiments in flood and 
control. Another model that 
valuable purpose in the same 
a scaled-down section of the 
nal. The model was used for de- 
ctly what pressures the 


banks must withstand. The model, which 
was 210 ft long and 29% ft wide, was in- 
stalled in a hydraulic laboratory in Gre- 
noble, France. A self-propelled model 
of the hull of a tanker made hundreds 
of round trips through the canal until the 
erosion of the banks reached a maxi- 
mum. As a result of these studies, an as- 
phalt mattress poured over a framework 
of steel and wire mesh was designed to 
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4 SHIPS—Newton's law may be ap- 
© power required to drive ships. A 

jilt with dimensions exactly double 
a model: it will have the same form, 

ble linear dimensions, and the en- 
| be in exact proportion to those of 
ale geometric model; that is, 2? — 8 

iter, Thus, if the specific power 

per unit weight of engine) is the 

th cases, the ship will be able to 


travel at a velocity V = v^ VA, or 1.26v. With 
engines enlarged to full scale, a speed 1.26 
times greater can be obtained, or smaller en- 
gines can be used to obtain the same speed. 

This is why the encumbrance of the en- 
gines is less in a large ship than in a small 
one. In addition, when the displacement of 
the fuel tanks on board is equal, the larger 
ship will have a greater range than the 
smaller one. 


ngar 
"Lu 
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THE ACROBATIC PERFORMANCE OF LIVING 
CREATURES—An important factor bearing on 
the acrobatic performance of living creatures 
is suggested by the theory of models: just as 
the ratio between specific power and mass in 
a bird determines its ability to fly, so does it 
determine the agility of a land animal. 

The graph shows the curve of the function 
representing the variation of acrobatic per- 
formance of animals in proportion to their size. 
The abscissa is on a logarithmic scale and 
gives the ratio between the dimensions of an 
animal and those of the smallest insect with 
a highly acrobatic performance—the flea. 
The ordinate, also to logarithmic scale, shows 
the ratio between the length of the jump of 
an animal and that of its body. 

This graph brings two very interesting facts 
to light: first, the continuity with which the 
curve runs, and, second, the existence of a 
limiting point on the curve, a point corre- 
sponding approximately with the value for the 
elephant, which is probably the poorest 
jumper on Earth. The elephant's inability to 
jump is due to its bulk; animals of even larger 
size not only cannot jump but must live in 
water to help sustain the weight of their 
bodies. Even so, in most large animals muscle 
power is large in proportion to body size. 
That is why the body of an elephant is very 
stocky, while that of a spider or a mosquito 
appears almost skeletal, since very little mus- 
culature is required to produce very agile 
and nimble movements. 
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slide over the banks of the canal, elimi- 
nating some of the job of dredging. 

But the theory of models can also aid 
in the solution of theoretical problems. 
Facts of anatomy and physiology alone, 
for example, will not explain certain be- 


havioral phenomena in the animal 


world. A kangaroo is noted for its ability 
to jump; a seven-foot buck can bound 
along in 25-foot leaps. Yet the minuscule 
flea performs a much more spectacular 
feat in jumping 13 inches. If a kangaroo 
could jump a comparable distance, it 
would leap about 700 feet! Small birds 


FLIGHT—When air is blown : r a wind 
tunnel, a model aircraft inside nnel will 
be subject to forces comparab those en- 
countered by a real aircraft. T mparison 
is made by applying formula: ced from 
Newton's law. Flying animals over, pre- 
sent different problems. The ər animal 
flier will be the one with the lar »roportion. 
R between amount of the pc !eveloped 
by its muscles and the weight »ody. (To 
consider only the strength of animal in 
question is not enough; account t also be 
taken of the time needed tc erate the 
wing power, which implies t! incept of 
potential.) On the basis of N« s theory, 
the ratio can be shown as A = 

To fly adequately, a bird of y with a 
wingspan of 1 m (about 3 ft) generate 
a specific power of about onc dredth of 
a horsepower per kilogram of ly weight. 
On the other hand, in an insec | à wing- 
span of only 1 cm (about .4 in 100 times 
less, the specific power is redu y a factor 
of 10, to as little as one-th jh of a 
horsepower per kg of body w: Thus, in. 
insects, the factors that contr to flight 
are not as critical as in the of birds, 
especially in regard to lightnes ! the de- | 
gree of musculature. Perfection i nal aero- 
dynamics is best typified by lar ds, which 1 
use their relatively meager r lature to 
fullest aerodynamic advantage. xception | 
is the ostrich, which would nee ral hun- 
dredths of a horsepower per ! its own 
weight—that is, several horsep —to get 
off the ground. The musculature e ostrich 
is unable to generate such pow r is man 
able to generate this amount ower. In | 
order to fly he would need a sculature 
capable of generating a total of al horse- 
power. Thus, even such ingenic onstruc- 
tions as Leonardo da Vinci's “human flying 
machine" are doomed to failure. The illustra- 


tion shows Leonardo's sketch of his flying 
machine, complete with catapult engine, drawn 
on a page of the Atlantic Codex 

The comparison may be extended by con- 
sidering the characteristics of aircraft, which 
may be thought of as large flying animals. 
For good performance, the horsepower-weight 
ratio of a 20- to 80-ton aircraft with a wingspan 
of 20 to 40 m (about 60 to 130 ft) must be 
about one horsepower per kg (about 2 Ib). 


and many winged insects perform ex- 
traordinary aerobatic maneuvers, while 
larger birds depend more on riding air 
currents and gliding. The use of models, 
originated by Galileo and developed by 
Newton, helps scientists understand such 
phenomena. 


THE LIQUID-DROP MODEL 


OF THE NOGLEEUS 


It would be inaccurate to state that posi- 
tiv ! negative charges exist within 
the unless it is stated at the same 


ti t the positive charges are situ- 

> center of the atom, where the 
m incentrated, and that the nega- 
ti ses are distributed along the 
pe In the same way, it is inac- 
eu tate merely that protons and 
n exist inside the nucleus, even 


first thought that they had discovered 
that the atom contained electrical 
charges, and that the positive charges 
were concentrated, along with its mass, 
in a very small volume at the center of 
the atom. Later they thought that the 
electrons revolved around the nucleus in 
circular or elliptical orbits. This hypothe- 
sis, however, ran counter to Newton's 
classical mechanics, which could not ex- 


an extremely heavy 
drop of nuclear liquid 


that bind the components of an atomic 
nucleus have not been precisely identi- 
fied. These forces have extremely short 
range; they become negligible if the dis- 
tance exceeds the order of magnitude of 
the nuclear diameter. 


THE NUCLEAR MODELS 


One model for the atom has been a min- 


ti his rather rudimentary knowl- plain how an atom received its electrical iature solar system, with the electrons as 
e ibles physicists to understand charge. A new form of mechanics was the planets orbiting the nucleus as the 
sc amental facts such as the na- then developed, known as quantum me- sun. The atom is not necessarily con- 
tur 'topes, the reason for the differ- chanics, which was consistent with these structed in this way, but the planetary 
enci ween the atoms of different hypotheses. hypothesis helps explain many properties 
che substances, and the reason for In the case of the atomic nucleus, how- of the atom. 
th ‘ie weights of the elements. ever, a major problem remains: the na- When the Greek astronomer Ptolemy 

\ ced research in nuclear physics ture of the forces that maintain the pro- conceived of all the celestial bodies as re- 
led e discovery of numerous phe- tons and the neutrons in a close bond is volving around the Earth, he was, in a 
no hat cannot be explained merely still unknown. It is known that the force sense, constructing a model of the plane- 
by »wledge that the atomic nucleus maintaining the bond between the nu- tary system and the universe—a model 
co) of protons and neutrons. The cleus and the electrons is a reciprocal that explained almost perfectly most of 
stu itomic number presents consid- electrostatic attraction, which is evident the laws of motion of the planets, the 
erab ficulties, somewhat similar to to anyone who rubs a plastic comb with sun, and the stars. Nevertheless, it was 
tho: ountered when the structure of a cloth and attracts pieces of paper to not perfect, and it was later replaced by 
the was first studied. Physicists at the energized comb; however, the forces the Copernican model, which conceived 
- ee qeLadmT c A ur 4 0o 
TH! ETARY SYSTEM THROUGH THE universe. In the Copernican System (lllustra- Finally, the Keplerian-Newtonian System (Illus- 
CE) —The Ptolemaic System (Illustra- tion 1b), on the other hand, all the planets, tration 1c) takes strict account of gravitation. 
tior ces the Earth at the center of the including the Earth, revolve around the sun. 
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PTOLEMY (CLAUDIUS PTOLEMAEUS)—As- 
tronomer and geographer and author of the 
first model of the planetary system, Ptolemy 
lived in Alexandria in the second century A.D. 


of the planets revolving around the sun. 
Even this model is now used only in its 
broad outlines, because of the large num- 
ber of modifications that were found 
necessary. In the same way, physicists 
have constructed many models of the 
atomic nucleus, each of which can explain 
certain phenomena better than another 
model. The most simple and elementary 
of all the models so far proposed is the so- 
called liquid-drop model. 


THE LIQUID-DROP MODEL 
OF THE NUCLEUS 


Protons and neutrons are known to be 
the only components of the atomic nu- 
cleus. It often happens that some prop- 
erty of the nucleus depends solely on the 
total number of protons and neutrons it 
contains—the sum of all of them com- 
bined, regardless of their proportion. In 
such a case, it is pointless to distinguish 
between protons and neutrons by name; 
it is more useful to designate both par- 
ticles by their generic name of “nucleon.” 

Nucleons continue to be bound within 
the nucleus because they exercise forces 
on each other that are capable of off- 
setting the electrostatic repulsion of the 
positively charged protons. The existence 
of these attractive forces suggests the 
analogy of the attraction of the mole- 
cules within a drop of water. These mole- 
cules also attract each other, although 
their reciprocal attraction is much weaker 


than that of nucleons; the result of the 
reciprocal molecular attraction is a drop, 
in which the molecules on the outer sur- 
face are attracted by those in the interior 
of the liquid and thus form a kind of sur- 
face film. This film tends to contract and 
present a minimum surface, forming a 
drop, a spherical volume of liquid—be- 
cause the sphere contains the maximum 
volume with a minimum surface area. 
The first characteristic of the nucleus 
that requires explanation is its mass. It 
is known that the mass of a nucleus can- 
not be calculated simply by adding up 
the masses of all the component protons 
and neutrons; this sum will always prove 
to exceed the actual mass of the nucleus, 
The discrepancy is explained by the 
theory of relativity, by a formula that 
gives a very accurate value to the mass 
of the nucleus if the number of compo- 
nent protons and neutrons is known. 


THE NUCLEUS AND 
BINDING ENERGY 


One of the most extraordinary properties 
of the matter that composes the nucleus 
is its density, which is much greater than 
that of any known macroscopic body. In 
ordinary matter, the atoms are almost in 
contact with each other; and it is known 
that the diameter of the atom is about 


3 
——————— 
NICOLAUS COPERNICUS (1473-1543)—This 
Polish astronomer disagreed with the great 
Ptolemy and was the first to state that the 
planets revolve around the sun. 


ISAAC NEWTON (1: 
physicist and mathe 
theory of universal o 


')--This English 
formulated the 


ucleus. There- 
cleus must be 
itom, because 


100,000 times that « 
fore, the volume of 
10'5 less than that : 


the volume of any proportional 
to the cube of its c ter (100,000? = 
10'5); yet almost t re mass of the 
atom is concentrat: hin this minute 
volume. This may | r understood, 
perhaps, by analog oxygen and 
hydrogen nuclei of : centimeter 


of water could be < 
packed, it would fo: 
weigh one trillion ; 
kilograms, although 


and tightly 
| that would 
one billion 
entimeter of 


water weighs only » In other 
words, one billion ms of matter 
would be concentrat 1e cubic cen- 
timeter of volume, althonuzh this weight 


of water would norm 
ume of one cubic kil 

A second important characteristic of 
nuclear matter involves the binding en- 
ergy of its nucleons, which is great 
enough to change the actual mass of 
these nucleons while they are in bond, 
The unit of measurement of such parti- 
cles is the atomic mass unit (amu), which 
is one twelfth of the mass of the most 
common carbon isotope. An individual 
proton weighs 1.00813 amu and an indi- 
vidual neutron weighs 1.0096 amu. The 
sum obtained by adding these two masses 
is 2.01773 amu; but if the two particles 
are bound together to form a deuteron, 
this combined particle has a mass of 
2.01471 amu-less than the total of the 
masses of the two unbonded nucleons. 
This requires an explanation. 

When the two particles are linked, the 
attractive force exercised between them 


ccupy a vol- 


releases energy. This is the same phe- 
nomenon that occurs when atoms of hy- 
drogen and oxygen are linked to form a 
molecule of water: energy is released. 
But ; the nucleons of the deuteron 
nlinked, this energy has not yet 


are s 

beer ased and is, therefore, con- 
taine 1em in a potential state, in the 
form iss. When the two particles are 
link ı deuteron, the energy is re- 
leasc is lost to the deuteron. 

n ial theory of relativity teaches 
that ergy, like all energy, has mass; 
the t cleons linked to form a deu- 
tero cfore, weigh a little less than 
th before they were linked. For 
thi 1 a stable atomic nucleus al- 
wa) shs a little less than the total 
of a 'omponent protons and neu- 
tron 


T} rgy released when the nucle- 
iked in the nucleus is called 
nergy, and is very great. When 
d into mass, it considerably 
e nucleus and produces what 
s mass defect, The term defect 
indi that the nuclear mass is dimin- 


ishe omparison with the sum of its 
comy t masses. (There is also a “mass 
defe water corresponding to its 
bin ergy. However, it is very much 
less i > total mass of the water mol- 
ecu iay be ignored.) 

HAN: RECHT BETHE (1906- )—The 


name ‘is German-American physicist is 
linked various formulas and the nuclear 
proces that occur in the sun. He contributed 
to nuc physics many studies on the bind- 
ing ene gy of nucleons and on artificial disinte- 
gration 
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JOSEPH JOHN THOMSON 
(1856-1940) AND ERNEST 
RUTHERFORD (1871-1937) — 
These English physicists won 
Nobel Prizes for their work on 
atomic structure; Thomson 
(left) for his discovery of the 
electron, Rutherford (right) for 
ascertaining the compound na- 
ture of the nucleus and its di- 
mensions. 


THE WEIGHT OF 
BINDING ENERGY 


The special theory of relativity states 
that mass (expressed in grams) is re- 
lated to energy (expressed in ergs) by 
the formula E — mc?, where c is the speed 
of light (expressed in centimeters per 
second). In dealing with the properties 
of nuclei, masses and energies are ex- 
pressed in units other than grams and 
ergs; mass is expressed in atomic mass 
units (amu) and energy in multiples of 
the electron. volt (ev), which is the 


THE MODEL OF THE ATOM AND THE LIQUID- 
DROP MODEL OF THE NUCLEUS—The atom 
(left) is shown as a miniature solar system in 
which the electrons revolve around the nucleus 
in elliptical orbits of different dimensions and 
different planes. 

The nucleus (right), on the other hand, con- 
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amount of energy acquired by an elec- 
tron when it increases its potential by 
one volt. (A familiar multiple of this unit 
is Mev, or million electron volts.) An en- 
ergy of about 8 Mev is released each time 
a new nucleon is introduced into a nu- 
cleus; this energy is equivalent to about 
one one hundredth part of the mass of 
the nucleon. 

The nucleon, therefore, weighs less in- 
side the nucleus than it weighed when it 
was outside the nucleus. This may ap- 
pear paradoxical, but it has been verified 
experimentally. 


tains the nucleons much as a drop of water 
contains its molecules; in both cases, attrac- 
tive forces between the particles ensure that 
the drop will assume spherical form as long 
as it is in equilibrium, because the sphere 
is the form that contains the maximum volume 
within a minimum surface area. 
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nucleus 
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PERIODICITY OF ELEMENTS 


As early as the fifth century 3.c., Greek 
philosophers concluded that the world 
was made up of countless minute parti- 
cles that they called atoms, meaning in- 
divisible. The concept that the atom was 
the smallest indivisible particle of a sub- 
stance persisted until late in the nine- 
teenth century, when scientists laid the 
groundwork for the modern theory of 
atomic structure, Finally, in 1897, J. J. 


1 


IONIZATION POTENTIALS AND THE ELI 
TRONEGATIVITY OF ELEMENTS — All z^ 
known elements are indicated here. On the 
left of the symbols are Shown some ionization 
potential values. The potential represents the 
work necessary to Separate a negatively 
charged electron from its Positively charged 
atom. The electronegativity of some elements 
is shown on the right. These values represent 
the tendency of an atom to be charged nega- 
lively when attached to another atom. 


Thomson discovered the electron, and 
the atom was no longer “indivisible.” 
To understand the periodicity of ele- 
ments, one must have a knowledge of 
atomic structure: that is, he must know 
why apparently different elements have 
similar characteristics and properties. An 
atom, scientists say, consists of a posi- 
tively charged nucleus surrounded by 
negatively charged electrons. If that 


electrons as 
classifiers 


were the whole story, the electrons 
would be attracted by the nucleus and 
eventually fall into it. The reasoning goes 
this way: because electrons move around 
the nucleus, and because electric charges 
emit energy when they move, is it no 
logical to conclude that electrons, which 
lose energy as they rotate, will slow down 
and descend into the nucleus, thus de- 
stroying the atom? 


But this does not happen, a fact that 
caused confusion until 1913, when the 
physicist Niels Bohr concluded that the 
kinetic and potential energy (whole en- 
ergy) «! electrons can only take on fixed 
ohr’s work confirmed a series of 


values. 

spectr opie experiments that suggested 
a non \inuous distribution of energy 
in ato Electrons in an atom, it was 
decide. ave fixed energy values, and 
variat: in the energy can take place 
only \ the electrons pass from one 
energ) cl to another. This is not a 


gradu ssage; it is a jump from one 


level to the other. The result: if the elec- 
tron has no lower level to jump to, it 
does not emit energy. Electrons that ro- 
tate in the lowest energy level—and are 
therefore closest to the nucleus—have no 
levels below them; therefore, they will 
continue to rotate without dissipating 
energy and without falling into the nu- 
cleus, 

To sum up: the emission of energy 
takes place only when an electron jumps 
from one level to another below it. And 
energy must originate from outside the 
atom in order to produce a jump from a 


HTT 


lower to a higher level. 

Electrons do not obey the classical 
laws of electrodynamics. They obey new 
principles, of which the most important 
is that electrons in an atom can only oc- 
cupy particular energy levels. These lev- 
els are labeled 1, 2, 3, and so on, from 
the bottom (the level nearest the nu- 
cleus) upward. The number of the en- 
ergy level in question is marked with an 
n and is called the chief quantum num- 
ber. The number of electrons that can 
occupy the same energy level is always 
equal to 2n?. Electrons in the n=1 level 
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increasing energy 


ELECTRON ENERGY LEVELS IN AN ATOM— 
Various electrons occupy various energy levels. 
The bottom line (n = 1) is the minimum energy 
level, where the maximum energy is required 
to expel the electron from the atom. 


———— a enemy 
(two of them) are said to belong to shell 
K, the innermost shell. Because these 
electrons feel the attraction of the nu- 
cleus at its strongest, it is extremely diffi- 
cult to make them jump to outer shells. 
The electrons in the n=2 level are in 
the shell L, and so on. 

It is impossible for electrons to have 
energies halfway between the various en- 
ergy levels. Illustration 1 shows the lev- 
els that electrons can occupy for growing 
energy values: as the energy increases, 
the distance between levels decreases. 
This means that the more mobile elec- 


trons will automatically be those in the 
outer shells, because less energy is re- 
quired to make the jump between them 
than between other levels. These elec- 
trons are valence electrons and are in- 
volved chiefly in chemical bonds. 

The fact that many of the properties 
of atoms depend on valence electrons, 
and that there is a limit to the number 
of electrons that can occupy any one en- 
ergy level, accounts for the periodic rep- 
etition of many properties among ele- 
ments that at first sight seem different. 
It is substantially the atomic structure 
that determines the similarities, differ- 
ences, and other specific constants of in- 
dividual elements. 

The electrons in any one shell have 
substantially the same energy, although 
spectroscopic examination has shown 
that every energy level is made up of 
various sublevels that exist in extremely 
close proximity. The number of these 
sublevels is eqval to the chief quantum 
number (n) of the level. Thus, shell M 
(n =3) contains three sublevels. The sub- 
levels usually are labeled s, p, d, and f, 
starting from the sublevel with the low- 
est energy. The shell N (n— 4), for ex- 
ample, has four sublevels: 4s, 4p, 4d, and 
4f. Illustration 3 shows the principal en- 
ergy levels and the corresponding sub- 
levels for the first four shells. Note that 
as the chief quantum number increases, 
sublevels belonging to different shells 
overlap. For example, sublevel 3d is at a 
higher energy level than sublevel 4s, 
which belongs to the shell above. Such 
examples help explain oddities in the 
periodic table of elements. The atomic 
model discussed here—a nucleus and sev- 
eral shells with fixed energy levels—is 
only one of the various models in exist- 


ENERGY LEVELS AND 
SUBLEVELS — Electrons 
belonging to the same en- 
ergy level should have the 
same energy, but this is 


I Si 08) _ not always true, because 
Ej "n S I ^ 4s (28) every level is made up of 
: EN 3p (66 sublevels where the en- 
ergy varies very slightly, 
E LAS 3s (26) The maximum number of 
$ I electrons that any one 
$l | 2p (68) sublevel can obtain is 
E: n=2 -mmm (68) given in parentheses. 
= k- 
K 


ence. However, it is the most convenient, 


THE IONIZATION POTENTIAL 
OF ATOMS 


Another constant factor typical of ali el- 
ements is their ionization potentici. In 


the case of two or more element: with 
different ionization potentials, thes- sim- 
ple values can be used to forec the 
way in which the elements will © save. 
Using the smallest metallic atom ium 
(Li), as an example and separa’ an 
electron from the neutral atom c 
Li> Lit +e. 

The reaction produces a po. ‘ively 
charged ion; or, to put it anoth: way, 
the atom has been ionized. Ol: ‘ously, 
this reaction entails a change in =e en- 
ergy. This particular energy is « l the 
ionization potential and repres: the 
work necessary to separate t! iega- 
tively charged electron from posi- 
tively charged atom. This poten!) \! can 
be measured with special technic and 
is given in electron volts (1 elect: +1 volt 
=3-8-10"° calories). The lower t- ioni- 
zation potential, the easier it wi!) be to 
ionize the atom. The ionization p. ntial 
grows as the nuclear charge incre) s, be- 
cause the force of attraction bet the 
nucleus and the electrons increas: s. The 
potential also increases as the ze of 
the atoms decreases because the aller 
the atom, the closer the electrons vill be 
to the nucleus and the harder they vill be 
to separate. In the case of ator with 
outer shells with their full comp ement 
of electrons (such as the rare gasos neon 
and argon), the ionization potential is 


high because it is very difficult to break 
the electronic saturation. 

The electronegativity scale of the ele- 
ments also is important in the study of 
the similarities and differences between 
elements. The values on this scale show 
the tendency of an atom to be charged 
negatively when attached to another 
atom—that is, the tendency of an atom 
to attract bond electrons. If the electro- 
negativity values are known, it is possi- 
ble to forecast what sort of bonds will 
be formed between two reacting atoms. 
For example, sodium (Na), which has 
an electronegativity value of 0.9, will 
react with chlorine (Cl), which has an 
electronegativity value of 3, to form an 
ionic bond. Because the electronegativity 
value represents the tendency of an atom 
to attract electrons, this tendency will be 
enormous in chlorine, which has a value 
near the maximum (4, for fluoride). The 
chlorine will be ionized into C1- by tak- 
ing an electron from the sodium, which 
in its tum will be ionized into Nat. 


IHE MASS OF THE ATOM 


How much does an atom weigh? Obvi- 
ously the ight of an atom is extremely 
minute- ast when compared with the 
weight o' ¿n object that is large enough 
to be vis’ ‘© to the naked eye. Each visi- 
ble objec no matter how small it may 
be, is m up of an incredible number 
of atom: for example, a microscopic 
drop oi * is allowed to evaporate 
from the ace of a clean glass crucible, 
it will | a small stain produced by 
the salt: t are dissolved in ordinary 
water. A igh such a stain may weigh 
no morc » a fraction of the millionth 
part of um, it will still be visible to 
the nak: ye; and yet even this tiny 
stain ca^ ntain more than 10 trillion 
atoms. 

An atc wus has a very minute weight 
that can expressed in terms of frac- 
tions of | gram, but this method of 
weighin: »ns is not useful for the 
practica! poses of chemical calcula- 
tions, Fi ich calculations it is much 
better t: a unit that is directly de- 


ATOM—By observing the struc- 
m, the rules that usually govern 
! all atoms can be verified. The 


THE SIL! 
ture of th: 
the struct 


la 


rived from the atom itself—a unit related 
to the atomic nucleus. To understand 
how this unit of weight is defined, some 
knowledge of the structure of atoms and 
nuclei is necessary. 


HOW ATOMIC NUCLEI 
ARE CONSTRUCTED 


The structure of the hydrogen atom 
shows that it, like all other atoms, is com- 
posed of a nucleus and one or more elec- 
trons orbiting around this nucleus. In the 
case of hydrogen only one electron is in 
orbit. Three types of nuclei are capable 
of maintaining a single electron in orbit 
to thus form a hydrogen atom: a nucleus 
consisting of a single proton, which is 
the most common hydrogen nucleus; a 
nucleus consisting of a proton and a 
neutron, thus giving rise to the deuterium 
nucleus; and last, the tritium nucleus that 
consists of one proton and two neutrons. 
The capacity of the hydrogen atom for 
combining with other atoms, as well as 


Silicon nucleus is formed by 14 protons (rep- 
resented by red spheres) and 14 neutrons 
(black spheres). An equal number of electrons 


nuclear mass 
is the key 


the properties of the resulting com- 
pounds, depends exclusively on the fact 
that only one electron revolves around 
the nucleus. The fact that the nucleus 
has a different mass when it contains one 
or two additional neutrons does not have 
any effect on the chemical properties of 
hydrogen. In fact, chemical properties 
depend on the number of orbiting elec- 
trons. The hydrogen atom has only one 
such electron because a nucleus that con- 
tains only one proton (only one particle 
with a positive charge) can keep only a 
single electron in its immediate neighbor- 
hood. 

Atoms of other elements are con- 
structed in accordance with rules similar 
to the one that governs the simple struc- 
ture of hydrogen, and these can be listed 
as follows: 


The chemical properties depend on the 
number of electrons that revolve 
around the nucleus. 

The atoms of every element differ from 


revolves around the nucleus; more precisely, 
2 electrons in the first orbit, 8 in the second, 
and 4 in the third. 
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those of other elements because 
the electrons differ in number. 

The number of electrons to be found 
in each atom is equal to the number 
of protons in the nucleus, because 
each positive charge of a proton is 
capable of attracting and maintain- 
ing in orbit only one electron. 

Atomic nuclei of each element contain 
the same number of protons but may 
contain a different number of neu- 
trons; yet these nuclei maintain 
identical numbers of electrons in 
orbit around themselves. Atoms of 
such nuclei behave in the same way 
chemically, Such variant atoms are 
isotopes (Illustration 1b) of the same 
element. This name is derived from 
the Greek iso (“the same”) and 
topos (“place”). Isotopes are ele- 
ments that occupy the same place in 
the table of elements. 


A SILICON ISOTOPE—This structure also rep- 
resents a silicon atom. The number of elec- 
trons is once again 14; the chemical proper- 
ties, which are known to depend only on the 
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Because the mass of an electron is 
almost 2,000 times less than the mass of a 
proton, the mass of an atom depends es- 
sentially on the mass of the nucleus, the 
mass of the electrons contributing only 
slightly to the total mass. Because the 
nuclei are composed of protons and neu- 
trons (two particles having almost identi- 
cal mass), as a first approximation, the 
mass of each nucleus (and therefore of 
each atom) may be regarded as a mul- 
tiple of the mass of the proton or the 
neutron. 

Alternately, and this really amounts to 
the same thing, the mass of any atom 
can be considered a multiple of the mass 
of the ordinary hydrogen atom, which 
consists of a single proton, the electronic 
mass being neglected for the moment. 
There is a view that protons and neu- 
trons are two different charge states of 
the same entity—the n.'cleon. 


number of electrons, therefore, are the same 
as those of ordinary silicon. The isotope, how- 
ever, has a different nucleus: it still contains 
the same number of protons (14), but there 


MASS DEFECT 


Except for the nu 


gen, all atomic 
well as neutro: 
of nuclei the nu: 
equal to the nui: 
greater. À nuc! 
example, conta 
trons; the nuc) 
isotope of oxy* 
tains 8 protons 
The neutron: 
up a nucleus 
mentally differ: 
the neutrons ar 
charge, the p: 
charge, and it 


difficult to bring | 
cause particles v 
repel each othe: 


true only up to a 


are 18 neutrons, T! 
lies in the mass 
neutrons). 


f ordinary hydro- 


mtain protons as 
great majority 
utrons is either 
tons or slightly 
linary iron, for 
ms and 30 neu- 
most common 
in nature con- 
trons. 
ms that make 
cles of funda- 
teristics. While 
of any electric. 
positive 
refore, be more 
ise together be- 
charges tend to 
ever, all this is 
point. In nuclear | 


ive a 


‘ference, therefore, | 
\. (A = protons + | 


physics often comes across facts that 
could r ' be suspected by nor ex- 
plained in terms of the traditional con- 
cepts of c! sical physics, In this particu- 
lar case as been found that all the 
element nuclear particles, quite inde- 
pendent whether they do or do not 
possess lectric charge, exercise a 
strong a! ion on each other when the 
distance veen them becomes very 
small, s: he order of 107? cm. At this 
proximi lear forces come into play, 
althoug! nature of these forces is 
not yet ly understood. Because of 
these fo wo or more protons strongly 
attract : "ther as soon as the repul- 
sion for at manifests itself at dis- 
tances « re than 107 cm has been 
overcom l at this point protons are 
similarly acted by neutrons. When 
mixed ; portions not exceeding cer- 
tain lim he particles group together 
to form : nuclei. 

The nism by which a proton 
enters i; ie structure of an already 
existing us and is then added to 
the ori; iwgregation of protons and 
neutron be compared to a ball (the 
proton ) ias to be rolled up a rising 
slope (! ulsion of the other protons 
to be o5 ) that ends about 107? cm 
from th » of a well. At the edge the 
ball di: to the well (attractive nu- 
clear f: and the proton joins with 
the oth: tons and neutrons already 
united i; nucleus. 

The / a neutron approaching a 
nucleus mewhat simpler; it may be 
likened ball rolling along a horizon- 
tal plane util it reaches the edge of the 
well, at which point it joins the other 


members of the nucleus. 

Various nuclei have thus been formed 
by the union of protons and electrons, 
and energy is liberated as this phenome- 
non occurs. The attractive forces have 
caused the particles that compose the 
nucleus to “fall” on top of each other. 
The original nucleus consisted of rapidly 
moving particles; the energy associated 
with the motion of these particles subse- 
quently escaped from the nucleus in the 
form of electromagnetic radiation of very 
short wavelength (gamma radiation). In 
the process of forming the nucleus the 
particles have thus lost energy when com- 
pared with their free state. 

The theory of relativity states that 
energy has mass; an energy of 25 million 
kwhr has a mass of 1 g. The tiny amount 
of energy liberated during the formation 
of a nucleus is the equivalent of an in- 


finitesimal fraction of a gram; but this 
mass, nevertheless, corresponds to an ap- 
preciable fraction of the mass of the 
nucleus that has been formed. When spe- 
cific numbers of neutrons and of protons 
are put together so as to form a nucleus, 
therefore, the mass of the nucleus is 
slightly less than the sum of the masses of 
its components. The difference between 
the two masses is the mass “defect.” As a 
result of this phenomenon the masses of 
the atoms are not integral multiples of 
the mass of the proton and the neutron. 


THE PHYSICAL SCALE 
OF ATOMIC WEIGHTS 


A logical way of measuring atomic 
weights would be to use as a measuring 
unit the mass of the proton or the neu- 
tron. Unfortunately, these are not ex- 
actly the same, and the choice of either 
one would lead to fractional values of 
atomic mass. Mass defect would further 
complicate the number that expresses 
these weights. 

It was therefore found best to adopt a 
unit of atomic mass equivalent to one 
sixteenth of the mass of the oxygen nu- 
cleus consisting of 8 protons and 8 neu- 
trons; that is, the isotope known as 
oxygen-16. This unit of atomic mass is 
the unit of physical mass. 

Why did the choice fall on one six- 
teenth of the oxygen nucleus? The rea- 
son is that oxygen combines with almost 
all the other elements and so provides a 
direct comparison for determining atomic 
weights. Suppose it is known that 16 g of 
oxygen combine with 40.08 g of calcium 
in a compound where each atom of 
oxygen is linked with one atom of cal- 
cium. This means that the atomic weight 
of each caleium atom is 40.08 on the 
physical scale. A simple chemical experi- 
ment thus provides the key to knowing 
the atomic weight of an element. As 
oxygen combines very readily with al- 
most all the other elements, a very sim- 
ple means of determining their atomic 
weights is possible. 


THE CHEMICAL SCALE 
OF ATOMIC WEIGHTS 


Oxygen-as it is found in nature and 
used in chemical reactions for the pur- 
pose of comparing its atomic weight with 
that of other elements—does not consist 
exclusively of atoms with nuclei made 
up of exactly 8 protons and 8 neutrons 
( oxygen-16); it also contains small quan- 


“CONSTRUCTING” AN OXYGEN ATOM— 
Eight protons and 8 neutrons (Illustration 2a) 
are required to constitute the oxygen nucleus. 
Attractive forces (Illustration 2b) cause the 
particles to “fall” on top of each other to form 
the nucleus of an oxygen atom. 


————— 


tities of 2 isotopes whose nuclei consist 
of 8 protons and, respectively, 9 and 
10 neutrons. When nineteenth-century 
chemists began to compare the atomic 
weight of oxygen and other elements, 
they did not realize that the oxygen they 
were using was a mixture of isotopes of 
different mass. So they chose their unit 
of mass as one sixteenth of the mass of 
the naturally occurring mixture of oxygen 
isotopes (99.76 percent of O-16, 0.04 
percent of O-17, and 0.02 percent of 
0-18). This unit is called the unit of 
chemical mass. 

In 1961 the International Union of 
Pure and Applied Physics and the Inter- 
national Union of Pure and Applied 
Chemistry, with a view to unifying the 
physical "standard" and the chemical 
"standard, decided to adopt a new 
unit of measurement for atomic mass 
(weight); their choice fell on one twelfth 
of the mass of an atom of carbon-12, 
which has 6 protons and 6 neutrons. 
Neither the oxygen nor the carbon stan- 
dard, however, allows atomic mass to be 
expressed in whole numbers. 
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atomic volume, 
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THE VOLUME 


OF THE ATOM 


The atom and the universe have this in 


common: their dimensions—infinitesi 


mally small on one hand, awesomely 
huge on the other—boggle the mind. Yet 
the atom is not so small that its size can 
1970, a Univer 


sity of Chicago scientist announced the 


not be measured. In May 


development of a technique for seeing 
individual atoms within a molecule, de- 
scribing the technique as a step toward 
the “Holy Grail” in the field of electron 
microscopy 

Measuring the size of an atom is not 
as difficult as it might seem. The problem 
is much like that of measuring the di 
ameter of shot without a suitable instru- 
ment such as calipers or a micrometer 
Measurement is still possible. For exam 
ple, a pint bottle can be filled with iden- 
tical shot that are then counted. This is a 
rather laborious method—and one not 
completely accurate—but yields at least 
an order of magnitude for the volume of 
each spherical shot, making it simple to 
calculate the diameter. 


the interplay of 
electric charges 


The same principle is used in measur- 


ing the size of atoms. Laws of chemistry 
enable scientists to calculate the number 
of atoms contained in a certain volume 
of matter. The volume is then divided by 
the number of atoms it contains, with al- 
the fact that atoms are 
spherical and not cubical. 

When the atoms are arranged in some 


lowance for 


regular pattern to form a crystal, other 
and more precise methods of measure- 
ment are adopted. The dimensions of 
atoms are measured in terms of an ex- 
tremely small unit, the Angstrém (A). 
One Ångström equals one ten-millionth 
of a millimeter, or one ten-thousandth of 
a micron. The diameters of the smallest 
atoms are little more than 1 A; the di- 
ameters of the largest reach 5 A. 


ATOMIC VOLUME AND 
E RON ARRANGEMEN 


A detailed explanation of why electrons 
are arranged in a certain manner around 


the nucleus o 
here. It is suf 
electrons a 
of this arran; 
interpret the 

Physical la 


electrons can ! 
(or orbit) ar 
termine that t 
among various 
of these layers 
subsequent lay: 
N, and so fort! 
tion, these lay: 
spherical shell 
the outermost 
the atom. 
Dimensions \ 
other, dependin 
example, the d 
number of lay 
Because each 
only a certain 
number of lay 
number of orl 


THE RELATIONSHIP BETWEEN ATOMIC 
NUMBER AND ATOMIC VOLUME—Atomic 
volumes vary with the atomic number; more 
precisely, the values increase and decrease in 
a periodic manner. The elements with the 


largest atomic volumes are the alkali metals 
(sodium, potassium, rubidium, and cesium). 
Each of these elements has a solitary electron 
revolving in its outermost layer at a compara- 
lively great distance from the underlying shell 


with its full corr 
This causes th: 
atoms. Points ir 
atomic number c 
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Conversely. for any given number of lay- 


ers, the dimensions of the atom will di- 
minish the nuclear charge increases. 
An inci of the charge also increases 
the for attraction that the nucleus 
exercis: he electrons, and the elec- 
trons ài themselves in tighter lay- 
ers; th the layers become closer to 
each « nd their overall dimension 
diminis! ich atom has characteristic 
dimens ich different from those of 
all othe 

THE IC VOLUMES 

OF TH EMENTS 


; be made to illustrate the 
» dimensions of the atoms 


variatic 


by draw horizontal line and divid- 
ing it i or more equal segments. 
Each ¢ segments will correspond 
to an number. For example, the 
sixth s it will correspond to the 
atomic er of carbon, the eleventh 
segmen e atomic number of sodium, 
and so \bove each segment a small 
circle is : in such a position that its 
distance: the base is proportional to 
the voli I the atom being considered. 
In choc tween representing the di- 
ameter atom or representing its 
volum: referable to choose volume 
becaus tions of volume are greater 
than t} liameter. If two atoms have 
respecti neters of 2 A and 3 A, for 
exampl. could be represented by 
two cir aced 2 and 3 em above the 
base | t very far apart. On the 
other | f the volumes of these two 
atoms a presented, the ratio between 
the two ies is 8 to 27. Because 27 is 
more than three times 8, the two circles 
would be much farther apart than if the 


representation had been one of diameter. 

Illustration 1, which shows atomic vol- 
umes arranged in ascending order of 
calls attention to an in- 
teresting phenomenon. It seems reason- 
able to expect that atomic volumes would 
be quite different from each other—as in- 
deed they a and also, perhaps, that 
these volumes would be distributed 
somewhat at random. However, the dia- 
gram shows that the volumes vary in a 
regular manner. Just as the chemical 
properties of the atoms have a periodic 
pattern, so atomic volume also varies 
with similar periodicity. 

The elements that have the largest 
atomic volumes—that is, the elements 
corresponding to the peaks of the curve 
that unites all the points plotted on the 
diagram—are the alkali metals. 

The atoms of alkali metals are formed 
by many electrons, all revolving around 
the nuclei and arranged on various lay- 


atomic number, 


ers. Each layer except one is full. The 
outermost layer of each atom contains 
only a single electron. This solitary elec- 
tron is responsible for the large dimen- 
sion of the atom; the electron orbits at a 
comparatively great distance from the 
next shell, which has a full complement 
of electrons. The exception is the inner- 
most layer, complete with only two elec- 
trons. 

When eight electrons are together on 
the same layer around the nucleus, they 
form a very stable structure that presents 
particular properties. For example, it is 
very difficult to remove one of these elec- 
trons from the atom. Furthermore, th 
eight electrons form a most effect 
screen around the charge of the nucleus, 
making it extremely difficult. for other 
electrons to become attached to the atom. 
Elements with this characteristic are 
known as the inert gases (helium, neon, 
argon, krypton, xenon) because they are 
not prone to react with other elements; 
that is, they have no tendency either to 
lose or to acquire electrons as they would 
have to do in order to form compounds. 


e 


ATOMIC VOLUME AND 
SPECIFIC GRAVITY 


Atoms that have a high atomic number 
and their corresponding nuclei are gen- 
erally referred to as the “heavy” clements. 
This term is only partly correct, in the 
sense that these atoms are heavier than 
the atoms of the so-called light elements 
—those elements having a low atomic 
number. The term is also incorrect in 
another sense: a piece of matter consist- 
ing exclusively of one such heavy element 
will not necessarily be "heavy" in the 
sense of having high density or high 
specific gravity. 

The specific gravity of a body (specific 
gravity — weight/ volume ) depends partly 
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CESIUM AND IRON—Iliustrations 2 and 3 show 
these elements in two present-day applications: 
cesium as part of a photoelectric cell, and iron 
used to form the flowing curves of an artisti- 
cally wrought gate. Although cesium has à 
much greater atomic weight than iron, its 
specific gravity is much less. This phenome- 
non is essentially due to the different atomic 
volumes of the two elements. 


3 


on the weight of the individual atoms of 
which the body consists and partly on the 
volume of these atoms. (The weight of 
the atoms depends essentially on the 
weight of their nuclei, because the outer 
electrons are very light in weight.) 

For example, the weight of an atom of 
cesium (Illustration 2) is approximately 
132 units of atomic mass, about 2% times 
the weight of an iron atom (TIllustrati 
3), approximately 55 units. However, the 
diameter of an iron atom (2.52 A) is much 
smaller than the diameter of a cesium 
atom (5.40A). In solid iron the atoms 
are much closer together than in solid 
cesium, so the iron has a greater specific 
gravity than does cesium (7.86 as against 
1,87). 


IONIZATION 


An atom can lose one or more of its elec- 
trons. The electrons are bound to the nu- 
cleus of the atom by electrostatic attrac- 
tion; to remove an electron, a force must 
be exerted to overcome this attraction. 
An electron can be removed from the 
atom by supplying an external force (or 
energy) that is equal to or greater than 
the force that binds the electron to its 
nucleus. This energy can be either ther- 


23 


ionization energy, ev 
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mal energy, or purely mechanical energy, 
the latter involving a violent collision be- 
tween two or more atoms. Light can also 
ron from its 


be used to detach an ele 
nucleus. An electromagnetic radiation of 
frequency f has an energy given by the 
formula E = hf, where h is Planck's uni- 
versal constant. When the frequency of 
light is such as to make E (the energy 
associated with the radiation) equal to 
or greater than the energy with which the 
electron is held in position, the light be- 
comes capable of detaching the electron. 

An atom that has lost or acquired one 
or more electrons is said to be ionized. 
The work that must be performed to de- 
tach the electron is called ionization work 
or ionization potential, and is measured 
in electron volts (ev). 

Once an electron has been detached 
from an atom, a second electron can be 
detached from that atom. (Strictly speak- 
ing, the second will be detached from an 
ion.) The energy necessary to detach this 
second electron will be greater than that 
needed to detach the first, because the 
atom has been left with an excess of posi- 
tive charge and can thus hold its remain- 
4 


ing electrons more firmly than it could 
before. 

An atom that has lost one of its elec- 
trons is called a positive ion; such an 
atom is usually represented by the chem- 
ical symbol for the element followed by 
a plus sign (+) written above the sym- 
bol. For example, if one electron is de- 
tached from a sodium atom, the result is 
a positive sodium ion represented by 
Na*. An atom that has lost more than 
one electron will have a greater positive 
charge, a condition indicated by placing 
a number before the plus sign. The num- 
ber indicates the number of electrons 
that have been lost. For example, a cal- 
cium atom that has lost two electrons is 
represented by Ca?*. 

An atom can also acquire electrons. In 
this case it will no longer be a neutral 
sphere because it has acquired an addi- 
tional negative charge. This type of ion 
is also indicated by the chemical symbol 
for the element, this time followed by 
a minus sign (—) indicating the number 
of electrons that have been acquired. A 
phosphorus atom with three additional 
electrons is therefore represented as P?-. 
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ATOMIC THEORY AND 


SSICAL MECHANICS 


the extension 
of Newton's laws 


ee APPLICATION OF CLASSICAL MECHAN- 
ia ustration 1a shows the orbits of the 
AE If à comet enters the solar system, 
Fus e forces of attraction that will be exerted 
arsine comet by the planets and the sun are 
deel ae eee of the comet can be pre- 
alcal AERA y applying the laws of clas 


AS A N 


The movement of an electron between the 
electrodes of a cathode-ray tube (Illustration 
1b) is determined by classical mechanics, 
which provides an accurate prediction of the 
particle's trajectory, if the arrangement of the 
electrodes and intensity of the field are known. 

The molecules of a gas collide with one an- 
other and change direction and velocity in a 


ALT 
ANY 


distribution of 
molecular speeds 


I 


way (Illustration 1c) that is related to the 
collisions that take place. Classical mechan- 
ics can predict the distribution of the mole- 
cules in the gas. The accompanying graph 
shows the Maxwellian distribution of speeds 
for gas molecules. 
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THE INADEQUACY OF CLASSICAL MECHAN- 
ICS—Classical mechanics is inadequate to 
explain many phenomena in atomic physics. 
Three examples of such phenomena follow: 

Atoms isolated in space, as in a gas, can 
be excited to the level of energy at which they 
emit light. The visible radiations emitted are 
made up of well-defined colors; analysis 
Shows that the spectrum of excited atoms 
(bottom of illustration) consists of several dis- 
crete lines. This behavior of excited atoms can 
be explained only if their electrons are con- 
sidered as not being arranged around the nu- 
cleus in the way that the planets are arranged 
round the sun and as not being governed by 
the laws regulating the motion of the planets. 
The electrons must be considered as rotating 
around the nucleus only in orbits of certain 
Shapes that are not predictable by classical 
mechanics. The top part of the illustration 
Shows how the electrons of a hydrogen atom 
rotate around the nucleus according to the 
quantum theory, which predicts the arrange- 
ment of electrons inside an atom when there 
is a reasonable amount Of potential and 
kinetic energy present, 
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Classical mechanics may be said to have 
begun with Sir Isaac Newton's formula- 
tion of his three laws of motion that es- 
tablish that the motion of bodies is de- 
termined by forces and explain the effect 
of a known force acting on an object of 
known mass. Newton used these funda- 
mental laws of mechanics to work out a 
mathematical system that can predict the 
motion of all material bodies. 

The major achievements of classical, 
or Newtonian, mechanics were initially 
concerned with the motion of celestial 
bodies. The motion of a planet is deter- 
mined by the attraction exerted on it by 
the sun and the other planets; however, 
if the attracting force exerted on a planet 
is very weak, its motion will be affected 
to a very small extent. Years and some- 
times centuries of observation are re- 
quired to detect the deviation of a celes- 
tial body from the motion it would have 
if the sun were the only force acting on 
it. Yet celestial mechanics, which was 
derived from the Newtonian system, al- 
lows astronomers to predict with mathe- 
matical accuracy even the deviations 
caused by the very weakest of distur- 
bances. 

Classical mechanics, at first applied to 
large mechanical systems with success, 
was later found to be adaptable to the 
description of the motion of microscopic 
bodies such as electrons and other atomic 
particles that freely move in space, or at 
least that are situated at much greater 
distances from each other than they are 
found to be in matter under normal con- 
ditions. 

Phenomena exist, however, that New- 
ton's laws cannot explain. Classical me- 
chanics is insufficient to explain, for ex- 
ample, certain phenomena of atoms and 
the particles of which they are composed. 
Newton's laws are accurate for the world 
in which human beings are accustomed 
to live, and they are easy to understand 
intuitively through geometry. 

Einstein's special theory of relativity 


demonstrates that the laws of © assical 
mechanics are not valid for bodi s trav- 
eling at velocities approaching hat of 
light; the motion of a proton le an 
accelerator, for example, cannot -e pre: 
dicted by Newtonian mecha: An- 
other kind of mechanics has t used 
in such cases—a relativity rv hanics 
based on the knowledge supp! from 
electromagnetic radiations suc! light. 
Relativity mechanics assumes light 
takes a finite time to travel a cer iin dis- 
tance, while classical mecha: pre- 
sumed that light was propago with 
absolutely no time lag. 

The mechanics of bodies ing al 
velocities approaching the spec’ of light 
stem from the special theory of > | tivity, 
which does not actually cont ct the 


laws of classical mechanics 
mulas of the special theory 
are applied to bodies movin 
locity that is very low compa 
of light, the formulas are four 
cide with those of classical v 
which means that relativity 
can be thought of as an ext 
classical mechanics. 

The need for a system mo: 
hensive than that of classical chanics 
was demonstrated by several experiments 
carried out at the end of the nxeteenth 
century. The subsequent study of atomic 
physics and of matter also emphasized 
the need to improve on classical me- 
chanics with still another new system 
known as quantum mechanics 

The way electrons move around an 
atomic nucleus and the laws regulating 
collisions between subatomic particles 
and electromagnetic radiations are phe- 
nomena that can be interpreted and ex- 
plained only by quantum mechanics, and 
this system of mechanics is applied gen- 
erally to most atomic and subatomic 
phenomena. As the dimensions of the 
particles increase, quantum mechanics 
becomes identical with mes 
chanics. 


classical 


THE DIFFRACTION OF ELECTRONS—This 
Photograph was obtained by recording the 
Tacks of electrons that have passed through 
sor stel of mica. The electrons have been dif- 
Menu exactly as if the crystal had been 
Taversed not by particles but by electromag- 


netic radiations such as x-rays. The same 
diffraction pattern can be obtained with x-rays, 
indicating that electrons in motion behave 
both like waves and like particles. Classical 
mechanics cannot explain why electrons ex- 
hibit this dual behavior. 


THE PHOTOELECTRIC EFFECT—These photo- 
electric cells are used to measure the in- 
tensity of light by means of a phenomenon 
known as the photoelectric effect. Light falling 
on a metal surface extracts electrons from it. 
The metal surface is connected to a generator 
that replaces the lost electrons. The replace- 
ment electrons reach the metal surface 
through a wire, through which passes an elec- 
tric current with an intensity proportional to 
that of the light that strikes the metal surface. 

The photoelectric effect demonstrates the 
corpuscular, or particle, nature of light waves. 
To extract electrons from a metal surface, 
light radiation must have a wavelength less 
than a particular wavelength that depends on 
the nature of the metal. If the wavelength of 
light is greater than this particular wave- 
length, it will not extract the electrons, how- 
ever intense the radiation may be. This 
phenomenon can be explained only if light 
radiation is considered as being made up of 
small packets, each possessing an amount of 
energy related to the wavelength of the radia- 
tion rather than to its intensity. The intensity 
of a radiation is expressed by the number of 
packets of energy that traverse the light ray in 
one second. These packets of energy are 
known as electromagnetic quanta, because 


they represent the smallest quantity of light 
energy that can be contained in a ray of light. 
This and certain other phenomena are not 
predictable by classical mechanics and sug- 
gested the need for a more comprehensive 
system of mechanics. 
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ELEMENTARY PARTICLES | 


For more than 2,000 years the idea per- 
sisted that the atom was the smallest in- 
divisible particle of matter. Not until the 
early nineteenth century were concepts 
of the atom and of atomic structure con- 
solidated, making it possible to explain, 
for example, how chemical reactions took 
place. At this time, however, the concept 
of the atom was primitive and nebulous. 
No one knew quite what an atom really 
was; its structure was unknown, although 
it was presumed to be a very small quan- 
tity of an element. 

X-ray and spectroscopic studies later 
made it possible to learn more about the 
atom and to construct certain hypotheses 
(later confirmed) regarding its constitu- 
tion, the arrangement of its electrons, 
and its nucleus. Yet the picture of the 
atom took shape with only limited un- 
derstanding of the structure of the nu- 
cleus. 

Practically speaking, intensive nuclear 
research did not begin until the 1930s, 
when an entire series of new instruments 
was devised and a great deal of theoreti- 
cal knowledge was developed. Despite 
the advancement in knowledge that has 
taken place in recent years, this research 
is far from complete. Because of its com- 
plexity, nuclear research is still an open 
field for research and experiment. 

When the study of atomic structure 
began, the laws needed to describe the 
behavior of atomic particles were not yet 
known, even though the nature of atomic 
forces. (primarily electromagnetic) was 
understood. The appropriate laws were 
subsequently formulated through the in- 
troduction of quantum mechanics. 

In the case of the later study of the 
nucleus, physicists knew the mechanics 
to apply (quantum mechanics), but not 
the nature of the forces that keep the 
particles of the nucleus together, The 
nature of these forces is only partially 
known even today, and no completely 
satisfactory theory has yet been advanced. 
Once again, however, it has been pos- 


sible to study the structure of atomic 
nuclei, at least in part, without a precise 
knowledge of the nature of the particles 
of which they are composed—the nu- 
cleons, protons, and neutrons. 

Later, attention was concentrated on 
the study of subnuclear particles, and 
today this subject is one of the most im- 
portant concerns in the whole of physics. 
The scientists knowledge of subnuclear 
particles is still very imperfect. A com- 
plete picture of the properties of sub- 
nuclear particles and a valid theory will 
only become available when the forces 
the particles exercise on one another in 
all possible circumstances are under- 
stood, and this goal seems far away. 


A VAST FAMILY 


In nuclear physics the various nuclei are 
referred to in different ways. For ex- 
ample, a nucleus can be described as 
having an atomic number of 26; or, more 
simply, it can be called an iron nucleus 
because all nuclei with the atomic num- 
ber 26 are atoms with the chemical prop- 
erties of iron (quite a few isotopes exist). 
A discussion of particles, on the other 
hand, goes beyond the bounds of direct 
experience. To study the properties and 
behavior of particles, a physicist must 
first be able to detect them by using 
equipment capable of recording the 
traces they leave, 

Detection of charged particles is based 
on the effects of the electromagnetic in- 
teractions of the particles with matter. 
As a result of such interaction, a particle 
loses a part of its kinetic energy and 
may come to a stop after having traveled 
à certain distance, Physicists also study 
the ways in which particles are deflected 
when they cross a magnetic field. 

Research into elementary particles has 
indicated that every one of them has a 
counterpart with exactly symmetrical 
properties. These counterparts are now 

own as antiparticles, An example is the 


photons, leptons, 
mesons, baryons 


THE PARTICLE FAMILY—In 1935 the . »panese 
physicist Hideki Yukawa predicted `e exis- 
tence of a particle having a mass in’. : mediate 
between that of the electron and i) proton, 
He gave it the name “meson,” :. ning a 
medium or intermediate particle. ~ actual 
discovery of the meson, however, c: ..e more 
than a decade after its prediction. < iy parti- 
cles with masses intermediate be en the 
electron and proton, and some wit masses 
greater than that of the proton, 2 since 
been discovered with increasing quency, 
Physicists have also realized that m: y of the 
particles previously believed to distinet 
were actually related. 

Mlustration 1 summarizes some p: verties of 
several subatomic particles. The p les are 
listed in ascending order of mass »e first, 
the photon, the quantum of elec! 'agnetic 
radiation, has no mass; it is ranked ong the 
particles because in many nucle actions 
it behaves as if it were a particle. photon 
and neutrino particles have zero ss and 
travel at the speed of light. Apa om the 
photon and neutrino, the mass o particle, 
as shown in the table, is its rest m that is, 
the mass of the particle when it ! lost all 
velocity and has come to rest. Ma articles 
do not survive long when at rest be se they 
are unstable, in which case they 1 be ob- 
served while they are moving at : sed al- 
most that of light. The mass of the articles 
then appears by relativity to be m greater. 
than when at rest. Because many © o parti- 
cles listed in the table are unstable -  trans- 
form themselves into lighter parti: in the 
course of their decay, it is convenier: to mea- 
sure their mass in terms of a unit inat, when 
transformed into energy in accord: ce with 
the equation E = mc?, corresponds !> an en- 
ergy of one Mev (one million electron volts). 

In terms of this unit of mass, the electron 


has a mass of about 0,5, while the proton and 
neutron have a mass of about 1,000. The table 
divides the particles into light, medium, and 
heavy particles according to their mass. The 
light particles, or leptons, are those having 
masses of the same order of magnitude as 
electrons. They range from neutrinos, which 
in fact have zero mass, to mu-mesons, which 
have about 200 times the mass of electrons. 

All other particles with masses intermediate 
between the mu-mesons and the proton are 
classed as medium-heavy particles, or mesons. 
The heavy particles, or baryons, have masses. 
greater than the proton. A study of the table 
shows that once the particles have been ar- 
ranged on the basis of their most important 
property—mass—they are also in a certain. 
order as to their other properties. A case in 
Point is spin, a property that is related to the 
rotation of the particle about its axis and that 
determines the number of orientations that a 
particle may assume with respect to a speci- 
fied direction. 
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HOW ELEMENTARY PARTICLES ARE DE- 
TECTED AND STUDIED—The properties of 
elementary particles are generally revealed 
by analysis of photographs of the tracks the 
particles have left in an instrument such as 
a bubble chamber. In general, the photographs 
enable scientists to ascertain the dynamic 
characteristics of the reaction phenomenon 
that has generated the particle or has led the 
particle to react with others. Before the bubble 
chamber became available, the work of dis- 
covering the particles and analyzing their prop- 
erties was carried out by means of the Wilson 
cloud chamber, special photographic plates, 
and scintillation counters. 
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3 
HOW PARTICLES ARE PRODUCED—in the 
early days of the study of elementary particles, 
cosmic radiation was the principal source of 
such particles. Cosmic rays contain particles 
having very high energies (protons, for exam- 
ple). The collision of these particles with 
atomic nuclei in the atmosphere, or with ele- 


to 


positive electron, or positron, which has 
the same mass as an electron, but an op- 
posite charge. 

Although no all-embracing system of 
particle classification has yet been de- 
vised, the system shown in Illustration 1 
lists the properties of several of these 
particles in a fairly systematic way. Pho- 
tons (the quanta of gamma radiation), 
electrons, and neutrons are particles that 
have been known for some time—the 
electron, for example, since the late nine- 
teenth century. 

The greater number of particles was 
discovered after World War II. The first 
particles to be discovered during this pe- 
riod were the mesons; from the stand- 
point of mass, these are intermediate be- 
tween electrons and protons (a proton 
has about 2,000 times the mass of an elec- 


ments present in the detection equipment, 
gives rise to new particles. To produce these 
particles requires collisions involving an en- 
ergy many times greater than the equivalent 
mass of the particles. To produce a particle 
having a mass equivalent to 1,200 Mev, the 
nucleus must be bombarded with a particle 


tron). Later still came the dis 
particles with masses greater th 
the proton. 

Not all particles are stable 
tron, proton, gamma quantum 
trino are stable; but others, : 
neutron and many types of 1 
unstable and decay into oth: 

In the late 1960s, scientists 
versity of Utah reported th 
of an anomaly in the intens 
tion of very high energy cos: 
ons (or mu-mesons, which h 
approximately 200 times that 
tron). Interest in this branch 
tary-particle research rose sh 
ulated by the possibility of « 
a long-sought particle, "the i: 
vector meson," which mediat 
interactions of elementary p. 


that has at least the same amo: 
The illustration shows typical ap 
in such an experiment, in which t 
ing particles are accelerated b: 
synchrotron. The apparatus used 
the particles produced is hidd 
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ELECIRON | the elementary charge 


iive on long after those 
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‘reek philosophers Leu- 
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CHARGE OF THE ELEC- 
niet of liquid about the size 
s allowed to fall through air 
sir or gas is still, the drop- 
The speed with which it 
density and mass, and on 
air. The droplet will fall 

d. Although bodies in a 


uniformly accelerated rate, 


^ a uniform terminal speed 
medium such as a gas. 
: liquid droplet is shown in 
two metal plates connected 
battery. The upper plate is 
positive pole, the lower 
tive pole. If the droplet is 
harge, it will be attracted 
19 positive plate. The force 
lepends on the magnitude 
n to the droplet. Given a 
riate strength, the droplet 


In 1897, the English physicist, J. J. 
Thomson, proved the existence of an 
even smaller particle, the electron, now 
known to be responsible for electrostatic 
and most electromagnetic phenomena. 
(When an electrostatically charged body 
is attracted by another body, the attrac- 
tion occurs between the negative elec- 


will remain suspended in air because its 
weight is perfectly balanced by the electrical 
force of attraction that tends to lift it upward. 

The droplets of liquid must be very small, 
but they can be observed readily through a 
microscope. X-rays can be used to change 
the charge of the droplets by producing ions 
between the plates. The ions vary the charge 
as they collide with the droplets, and the 
droplets change speed. The speeds the drop- 
lets assume have certain well-defined values, 
and each speed corresponds to an equally 
well-defined increase of charge. The increases 
in the charge of the droplets are either equal 
to or multiples of a certain minimum quantity: 
the charge of the electron. 

To calculate the value of the electron charge 
it is necessary to know the speed with which 
the droplets would fall if they were not 
charged. This speed can be calculated if the 
mass and radius of the droplet and the viscos- 


trons present on one body and the posi- 
tive charges of the electron-deprived 
atoms of the other.) Thomson had dis- 
covered the elementary charge, the 
smallest indivisible form in which an 
electric charge could exist. Scientists 
then turned to the problem of determin- 
ing the magnitude of this electric charge. 


ity of the surrounding air or other gas are 
known. If the particle is charged, its speed of 
fall depends not only on the mass, radius, and 
viscosity factors, but on the intensity of the 
electrical field that the experimenter sets up 
between the two plates. The experiment is 
particularly fascinating when the charged 
droplet remains suspended between the two 
plates. This means that the force of the elec- 
trostatic attraction, which depends on the 
charge of the droplet and the intensity of the 
electric field, exactly counterbalances the 
weight of the droplet, which depends on the 
mass and dimensions of the droplet. To arrest 
a droplet of known dimensions, the experi- 
menter varies the intensity of the electric field 
until it attains the required value. In this way 
the unknown charge can be determined. It is 
found that the charge of the droplets is always 
a multiple of 4.802 x 107° electrostatic units 
(esu). 


positive plate 


negative plate 
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Because electric charges attract or 
repel each other according to whether 
the charges are positive or negative, it is 
enough to follow conventional methods 
of mechanics in establishing a unit of 
measure for such charges. The unit of 
measure can be defined as that charge 
that, when placed at a given distance 
from another equal charge, will exercise 
a given force on the other charge. Using 
the centimeter, gram, and second as fun- 
damental mechanical measuring units, 
the unit charge is one that exercises a 
force of one dyne on an equal charge one 
centimeter away from it—the so-called 
electrostatic unit (esu). 

The next step is to determine how 
many electrons are necessary to form an 
electric charge of the same magnitude as 
the charge represented by 1 esu, or what 
fraction of 1 esu corresponds to the 
charge of an electron. 


THE CHARGE OF 
THE ELECTRON 


Knowing the magnitude of the electron 
charge opens the road to a wide range 
of other knowledge. Once the charges of 
the electrons and the atomic nucleus are 
known, for example, the force with 
which they attract each other can be de- 
termined through physical experiments 
showing the speed with which the elec- 
tron revolves around the nucleus. The 
force with which ions tend to recapture 
the electrons they have lost, as well as 
the strength of the valency bonds that 
keep the atoms united in the various 
molecules, can also be determined. 
Furthermore, knowing the value of the 
charge of the electron enables physicists 
to determine the value of the mass of the 
electron. Experiments carried out to de- 
termine the mass of the electron do not 
arrive directly at the mass, but yield the 
value of the charge/mass ratio with great 
accuracy. To find the two parts of this 


ratio requires determining at least one 
of them by direct experiment. Once the 
charge is known, the value of the mass 
can be determined. 

Knowledge of the electron charge also 
enables scientists to use electrolysis to 
determine Avogadro's constant, the num- 
ber of atoms contained in one gram mole- 
cule of a substance. 

The charge of other elementary parti- 
cles such as protons and particles of cos- 
mic radiation is equal to the electron 
charge (although it may have a different 
sign), making the electron charge a very 
important universal constant—a constant 
that must be known to determine other 
important constants. For this reason the 
measurement of the charge of the elec- 
tron is of considerable importance to the 
entire field of physics. 


HOW THE CHARGE OF THE 
ELECTRON IS MEASURED 


The physicist has many methods by 
which he can measure the charge of the 
electron. Some of these methods are in- 
direct. For example, if Avogadro's con- 
stant is known and the electric charge 
carried by a number of atoms equal to 
Avogadro's constant when each atom has 
a charge equal to that of the electron is 
known, the charge of a single electron 
can be determined by means of simple 
division. Many methods exist for deter- 
mining Avogadro's constant; the second 
factor, the electrochemical equivalent, or 
Faraday, can be measured by means of 
electrolytic experiments. However, phys- 
icists are not satisfied with such indirect 
measurement, Whenever possible, they 
seek a direct means of measuring the 
quantities that interest them. 

From 1908 to 1910, the American phys- 
icist Robert A. Millikan sought a direct 
method and succeeded in measuring the 
charge of the electrons by means of what 
is now known as the oil-drop experiment. 


THE OIL-DROP EXPERIMENT—' : 
needed for the oil-drop experim 
in somewhat simplified form. Tt 
a and a’ are electrically charg: 
to control the falling motion of c'i 
A battery b produces an electric 
a and a'. One of the two poles 
is grounded, as in the lower 
other pole is connected to the | 
The experiment is carried out 
tainer c. The gas within this con 
perfectly still, for if it moves | 
oil droplets away from the fie 
tion. The temperature of the : 
be kept constant over the whole 
this is done by immersing the 
liquid bath d whose temperatur 
stant by means of a thermosta! 
Since the liquid droplets will fa 
if the gas is rarefied, a pump 
gas pressure inside the measur! 
A variation in the electric char 
of oil has a considerable effect 
and this can be clearly seen. Th: 
charged falling particles depen 
sity of the air or gas, becoming 
pressure decreases. This pre 
known exactly and is measures 

The oil droplets are produ 
spray nozzle g of the kind ge 
aerosols. The liquid should no' 
cause evaporation would chan: 
of the drops during the experi 

A source of light (not shown 
drops that enter the measurin. 
ensures their visibility. The c 
through an opening in plate a 
they fall between the plates 
microscope i placed outside 
chamber. The magnifying pow 
Scope need not be great, but 
must be so constructed that it 
the speed of the drops crossi 
view. For this purpose, the cy 
microscope contains a gradus: 
light illuminating the droplets m: 
a right angle to the axis of the micri 
that the drops will stand out c! 
dark background. Normally, the droplets pro- 
duced by the nozzle are already charged; in 
fact, they acquire their charge in rubbing 
against the walls of the nozzle as they come 
from the atomizer. X-rays are used to vary the 
charge. These x-rays are produced by a tube 
| which is screened to protect the observe 
from potentially dangerous radiation. The 
X-rays enter the observation chamber throug 
an opening that does not absorb them—for 
example, an opening in a thin sheet of alum 
inum foil. 

Despite the precautions cited to ensure ac 
curate measurement of the electron charge 
the success of the experiment depends to 8. 
great extent on the skill of the observer. 
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THE NEUTRON 


a particle without charge 


intermediate 


THE WIDE ENERGY RANGE OF THE NEU- 
TRON—This scale of energies shows the ex- 
tent of the neutron’s energy range and its 
principal subdivisions. The region of least 
energy—extending from about 1/1000 ev to 
about 1/10 ev—is that of thermal neutrons. 
In this region neutrons place themselves in 
thermal equilibrium with the molecules of 
gases or solids, just as if they themselves 
were molecules or corpuscles suspended in 
Brownian motion. Such neutrons do not all 
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The neutron is a particle that has no 
electric charge, and that has a mass simi- 
lar to that of the proton. Discovery of 
this elementary particle was made less 
than forty years ago, although the British 
physicist Ernest Rutherford predicted its 
existence in 1920, While Rutherford did 
not learn the characteristics of the neu- 
tron, his studies indicated that the pres- 
ence of such a particle contributes to the 
mass but not to the charge of the nucleus, 
and it was he who gave the neutron its 
name, 

In 1930 two German physicists, W. 
Bothe and H. Becker, discovered that 
when the metal beryllium was struck by 
alpha particles, a highly penetrating ra- 
diation was emitted, which they assumed 
to consist of gamma rays. Two years later 
the French physicist Frédéric Joliot- 
Curie and his wife Iréne made an im- 
portant discovery while examining the 
absorption of these rays. When paraffin 
or any other hydrogen-rich material was 
placed in the path of the unknown rays 
from beryllium, high-energy protons were 
ejected from the paraffin. They assumed 
the gamma rays were releasing these 
protons. 

Not satisfied with this explanation, 


fast 


have the same energy. Distribution of energies 
among the neutrons corresponds to a Maxwell 
type of velocity distribution among the mole- 
cules. It is more convenient, however, to con- 
sider thermal neutrons as having energies of 
about 1/40 ev each, or, more precisely, ener- 
gies of the most probable value suggested by 
the distribution law—0.0253 ev. 

The second field of neutron energies—ex- 
tending from 1/10 ev to 10 kev—is that of 
intermediate neutrons. Depending on their en- 


James Chadwick, an associate of Ruther- 
ford's at the Cavendish Laboratory at 
Cambridge, performed experiments of his 
own that indicated that an electrically 
neutral particle, rather than the gamma 
rays, was responsible for the radiation. 
Physicists subsequently learned to pro- 
duce this new particle-the neutron—in 
different ways. They used it as a projec- 
tile for bringing about nuclear reactions; 
and suitable detectors were constructed 
for signaling its passage across matter 
and studying the effect. 

Scientists further discovered that the 
neutron brought about the fission of ura- 
nium, and that it was more effective in 
provoking certain nuclear reactions when 
it had a small rather than a high energy 
level, as was first suspected. 

In 1934 Enrico Fermi and his collabo- 
rators showed that nearly every element 
in the periodic table may undergo a nu- 
clear transformation when bombarded by 
neutrons. In many cases, radioactive iso- 
topes are formed in this way, 


PROPERTIES OF THE NEUTRON 


Neutrons make up a considerable portion 
of the mass of an atom. The value of the 


relativistic 


ergy levels, neutrons in this field have a high 
or low probability of being captured by the 
nuclei. Possibility of absorption is thus deter- 
mined by resonance values. 

The field of fast neutrons extends from about: 
10 kev to 15-20 Mev. In this range the reac- 
tions change with varying neutron energy. 

The field of relativistic neutrons is often dif- 
ficult to distinguish from that of fast neutrons, 
because of the gradual appearance of relativ- 
istic phenomena. 


neutron’s mass is 1.67247 x 10—?* grams, 
This mass is greater than the sum of the 
mass of a proton and an electron, Thus 
an exoenergetic reaction occurs if a neu- 
tron is split between these two particles. 

When isolated from the atoms and par- 
ticles, the neutron is unstable, behaving 
like a radioactive particle. In a free state 
it disintegrates into a proton, a negative 
electron, and a neutrino, liberating an 
energy of 0.786 Mev. The neutron is able 
to remain free for a long time, and has 
the ability to stay in thermal equilibrium 
with matter. 

The spin of the neutron is 1/2, and its 
magnetic moment is equal to —1.9135 nu- 
clear magnetons. 

Having no charge, the neutron is able 
to approach and react to nuclei with 
greater ease than other particles. It is thus 
highly useful in bringing about nuclear 
reactions. The only forces to which the 
neutron becomes subject are nuclear ones 
at a short distance from the nucleus. 

Neutrons cannot be accelerated—they 
must be accepted with whatever energy 
they have upon formation—but they can 
be retarded by permitting the neutrons 
to collide with nuclei; in each collision 
some energy is lost. 


SOURCES OF NEUTRONS—Neutrons found in 
nature are 5 y active. A few neutrons are 


ion that has traversed the at- 


present in i 
mosphere à ated nuclear reactions with 
the nuclei jospheric gases. However, 
such neutrons cannot be used for research 
purposes sequently, a large number of 
artificial s s has been developed. 

The mos omical and simple sources of 
neutrons & i'um-beryllium (Illustration 2a) 
or polonit lium (Illustration 2a’). Both 
elements p neutrons by nuclear reaction: 

Be(a,n)'?C. 

The alphé > is emitted by radium or by 
polonium s a naturally radioactive ele- 
ment like The radioactive element is 
mixed wi! um, and the two are placed 
in a herm sealed metal container. Neu- 
trons prot | this manner have energies 
varying fr 10 Mev. 

Other s of neutrons are those of the 
photoneut pe. These, too, are economi- 
cal, and all physical size, They utilize 
elements t neutrons after being struck 
by a gar The gamma ray reacts with 
a radiois ixed with beryllium or some 
compoun: j a high deuterium content— 
2a 2a’ 


shielding 


that is, a compound whose molecule contains 
a high percentage of deuterium in place of 
the normal hydrogen. The reaction will then 
be either 
*Be(y,n)*Be 
or 
?H(y,n)' H. 


These sources are almost monoenergetic, sup- 
plying neutrons whose energies are very close 
to each other and narrowly dispersed. Energy 
of the neutrons ranges between about 0.1 Mev 
and 0.6 Mev. 

A source of high-energy, relativistic neutrons 
is obtained by using an accelerator of high- 
energy particles as the source of gamma radia- 
tion. A large accelerator of electrons or pro- 
tons, for example, can produce gamma rays 
With an energy between 0.5 and 20 Bev. (One 
Bev corresponds to 1 billion ev.) These gamma 
rays produce photoneutrons of the required en- 
ergy in the beryllium or the deuterium. 

Fast neutrons can be obtained from reac- 
tions produced by particles accelerated in a 
Van de Graaff machine or by the Cockroft and 
Walton apparatus. Such equipment makes it 
possible to obtain beams of particles having 
a well-defined energy; the beams are then 
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radiation 
channel 


thermal column 


brought to bear on targets, permitting the 
particles themselves to produce neutrons. Neu- 
trons from this reaction have a well-defined 
energy for every angle of emission. With a 
single type of reaction it is thus possible to 
produce neutrons with energies ranging from 
a minimum to a maximum value. 

Illustration 2b shows a reaction chamber for 
the production of particles. The chamber re- 
ceives the beam, directs it onto the target, 
and collects the neutrons produced. 

Illustration 2c shows a speed selector for 
slow neutrons. 

All the sources described are of relatively 
low intensity. In the case of polonium-beryl- 
lium or photoneutronic sources, intensity de- 
pends on the intensity of the source emitting 
alpha or gamma particles, and may reach 
a few curies. When the primary source consists 
of particles coming from an accelerator, the 
beam emerging from the accelerator rarely 
attains an intensity of one milliampere. In the 
case of thermal neutrons, however, high in- 
tensities can be obtained by a reactor. In the 
core of a reactor are neutrons that have just 
come out of the uranium fission reaction, and 
have energies of about | Mev. Together with 
these neutrons are other neutrons whose en- 
ergies have been lowered because they have 
been slowed down by the moderator. 

There is thus an extensive range of neutron 
energies. However, if a block of moderating 
material, called a thermal column (Illustration 
2d), is inserted in the reactor, the neutrons will 
penetrate it and become diffused over its 
volume. A large energy spectrum will collect 
at the entering point; at the opposite end the 
neutrons will all be thermal. A cavity can be 
introduced into the thermal column in which 
materials are placed for irradiation by the 
neutrons. 

To obtain the energy spectrum of neutrons 
produced by fission, a thin foil of fissile ma- 
terial—uranium-235, for example—is placed 
against the end of the thermal column. The 
neutrons produced in this manner are not 
slowed down, and give the characteristic fis- 
sion spectrum. 
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NEUTRON SPECTROSCOPY—Reactions in- 
duced by fast and relativistic neutrons and 
the probability of their occurrence are only 
slightly affected by the energy of the incident 
particle. Neutrons with intermediate energies. 
however, behave differently. Some neutrons 
Produce no reaction; other neutrons with a 
slightly greater energy—even one part per 
thousand greater—will Produce extensive re- 
action. To study reactivity properties of the 
nuclei in relationship to the absorption of 
neutrons, it is necessary to have beams of 
particles whose energy is known. This is ac- 
complished by using a source that produces 
neutrons with all the energies of the range, 
and then choosing from among them those 
with a particular energy. 

With intermediate neutrons, the amount of 
energy depends on the speed, which may vary 
from a few to many kilometers per second. 

One method of selecting neutrons with a 
particular speed from a beam that contains 
neutrons with varying energies is by causing 
the beam to be reflected by a Bragg crystal 
(Illustration 3a). Neutrons n in motion behave 
in accordance with the quantum theory: they 
are associated with a wave, just as are elec- 
trons that are used in the electron microscope. 


The wavelength A of neutrons is given in terms 
of their speed by the formula 


à = h/Mv, 


in which ^ is Planck's constant, M the mass of 
the neutron, and v its speed. In terms of en- 
ergy, the formula is 


A = h/ V2ME, 


in which E is energy. Introducing numerical 
values of the constants, and expressing E in 
electron volts, the formula becomes 


A = 2.86 x 10° VE 


and the wavelength is given in centimeters. 

With thermal neutrons, the energy is about 
1/40 ev and the wavelength 10-5 cm, that is, 
one Angstrom, as in the case of x-rays used to 
determine the structure of crystalline sub- 
stances. 

For E = 100 Mev the wavelength is about 
107? cm. The wavelength thus passes from 
the range of atomic dimensions to those of 
subnuclear ones, approaching dimensions such 
as those separating nucleons in the nucleus. 
Bragg reflections at different angles are ob- 
tained through these variations in wavelength 


by the following method: the beam ©! neutrons 
is collimated and made to strike « crystal in 
which the nuclei diffuse the neutrons; the 
neutrons then scatter at differen! angles ac- 
cording to their energies. 

A second method of determining the speed 
of neutrons n is by producing a brief emission 
of these particles and measuring the E 
Spent to cover a known distance, generan. 
10 or 20 m (about 33 or 66 ft). A source ki 
neutron impulses is created by a target struc! 
by particles producing neutrons. In Illustration 
3b, two detectors R measure traveling gu 
Neutrons with an energy of 1 ev take ey 
microseconds to cover 10 m; at an energy o 
1 kev, such neutrons take 22.9 microseconds 
to travel 10 m. SES 

The method most frequently used is Es 
of the rapid selector (Illustration 3c). Mole 
cules of a particular speed are selected tron 
a gas in order to study speed distribui ole 
Metal disks, in which holes have been cut a 
allow neutrons n to pass, are mounted on i 
shaft. The relative displacement of these holes 
and the speed of rotation define the speed sr 
the neutrons that will pass through the selector. 
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Radioactiv: ıtegration is a phenome- 
non invol i\e emission of particles 
or radiati: atomic nuclei. In order 
to underst e reasons for these emis- 
sions, it i: sary to understand the 
compositic he nuclei and how the 
nuclei arc ;ed by these emissions. 
ATOMIC LEI 

Atomic nu ;ntain virtually the entire 
mass of an and are essentially com- 
posed of t inds of particles, protons 
and neutre rotons and neutrons have 


THE CORE 


HE ATOM—At the center of 
the atom | nucleus, composed of neu- 
trons and p 5. 
almost identical masses, but protons have 


a positive electrical charge, whereas neu- 
trons have no electrical charge. Every 
nucleus, therefore, has a total charge 
equal to the sum of the charges of its 
Protons, Because every proton has the 
same charge, the total charge of a given 
atomic nucleus equals that charge multi- 
plied by the number of protons in the 
nucleus. 

The charge of the nucleus, in turn, de- 
termines its capacity to hold in orbit 
around it the electrons that, together 
with the nucleus, comprise the atom— 
forming a kind of miniature solar system. 
The chemical properties of the atom are 
determined by the number and arrange- 
ment of the electrons; and these chem- 
ical properties are identified by the name 
of the element itself, Because the number 
of electrons (which determines the prop- 
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THE FORCE THAT FORMS THE NUCLEI— 
When a neutron (blue) is brought close to a 
proton (red), an attractive force results that 
makes possible the formation and existence 
of the nucleus. 


erties of the element) is equal to the 
number of protons in the nucleus, it 
follows that this number—the atomic 
number of the element—serves to define 
the properties of the element. 

So far both protons and neutrons have 
been described as material particles, the 
former with a positive charge, the latter 
neutral. Actually, both are entities with 
somewhat complex structures. The posi- 
tively charged protons, when grouped 
together in a nucleus, would have a ten- 
dency to repel each other and move 
away from each other. Nuclei containing 
a large number of protons, however, also 
contain a large number of neutrons; their 
presence helps hold the protons together. 
The actual cohesion of the nucleus is 
the result of nuclear forces—"exchange 


THE ATOM—The chemical properties of the 
atom depend on the number and arrangement 
of the electrons that orbit the nucleus. 
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energy emitted 
by atomic nuclei 


forces"—that are exercised without dis- 
tinction between all nucleons (protons 
and neutrons). If a proton is brought 
close to a neutron, a force of attraction 
is exercised that unites the two particles. 

Every nucleus except that of hydrogen 
(which consists of a single proton) con- 
sists of a certain number of protons and 
an equal or greater number of neutrons. 
The neutrons, which would disintegrate 
to half their number in about 13 minutes 
if detached from the nucleus, are stabi- 
lized because of their bond with the pro- 


THE HALF-LIFE OF THE NEUTRON—If a neu- 
tron is isolated from the nucleus, it will decay 
and be changed into a proton and an elec- 
tron; its half-life is just under 13 minutes. 


tons. Without that bond, a neutron 
changes into a proton and an electron. 
This and other phenomena are related to 
the subject of radioactive decay. 


RADIOACTIVE DECAY 


A nucleus is said to undergo radioactive 
decay when it emits some of the particles 
of which it is composed or some of the 
products of change occurring within 
these particles. A substance composed of 
radioactive atoms thus emits particles or 
radiations; when these penetrate matter 
that surrounds the radioactive substance 
—whether that matter is the air or a solid 
object in which the substance is located 
—the atoms of the penetrated matter will 
be damaged. Specifically, the particles 
will capture electrons from, or ionize, the 
atoms of the penetrated matter. 

The discovery of the existence of radi- 
oactive substances, made by Antoine 
Henri Bacquerel in 1896, resulted from 
this property of the emission of radiation. 
Becquerel had placed a piece of pitch- 
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RADIOACTIVE DECAY—Unstable nuclei are 
altered (disintegrate) in order to become sta- 
ble. This occurs through the emission of an 


blende (a mineral containing uranium) 
on a photographic plate; he later found 
the plate darkened at the area of con- 
tact with the pitchblende. This property 
of darkening photographic emulsions is 
characteristic of ionizing particles emit- 
ted by radioactive substances. 


TYPES OF RADIOACTIVE DECAY 


Some nuclei of radioactive substances 
emit alpha particles, which consist of two 
neutrons and two protons and are, there- 
fore, identical with the nuclei of the ele- 
ment helium, The nucleus that emits 
alpha particles thus loses four units of 
mass and two positive electrical charges. 
Uranium-238 is an example of an ele- 
ment whose nucleus emits alpha par- 
ticles, 

Other nuclei emit beta particles, which 
have negligible mass and one negative 
electrical charge, and which can be 
shown to be electrons. Such nuclei lose 
no mass and gain one positive charge 
(or, what amounts to the same thing, 
lose one negative charge). An example 
of an element with a nucleus that emits 
beta particles is potassium-10, an isotope 
that constitutes about one part in 10,000 
of the weight of naturally occurring po- 
tassium, 

Nuclei that undergo radioactive disin- 
tegration and emit either an alpha par- 
ticle or a beta particle are disturbed by 
the loss of the particle and are caused to 
agitate or vibrate, expending energy that 
may be emitted in the form of electro- 
magnetic radiation with a wavelength 
shorter than that of visible light, ultra- 

violet light, or even most x-rays. This 
radiation, known as gamma rays, is not 
always emitted spontaneously from the 
nuclei, but usually as a consequence of 
the energy remaining in the nuclei fol- 
lowing emission of alpha or beta particles 
in the process of disintegration. 


alpha particle, which consists of two neutrons 
and two protons (Illustration 5a); or a beta 
particle, which is an electron (Illustration 5b), 


THE LIFE OF RADIOACTIVE 
NUCLEI 


All radioactive nuclei approach, through 
one or more successive radioactive dis- 
integrations, a state of nuclear stability, 
with a rapidity that varies according to 
the properties of the nucleus involved. 
Some radioactive nuclei have been ob- 
served with a very high probability of 
disintegration, and so are characterized 
as relatively unstable. Even if the sta- 
bility or instability of a nucleus is known, 
however, it is not possible to determine 
whether or not the nucleus in question 
will remain stable for a short time or a 
long time; the probability of disintegra- 
tion and the duration of disintegration 
are different and unrelated character- 
istics. A nucleus may have a high proba- 
bility of disintegration—that is, be very 
unstable—and yet last for millions of 
years without disintegrating; or it may 
have a low probability—that is, be very 
stable—and yet disintegrate within a few 
seconds or even within a fraction of a 
second. 

In order to express mathematically the 
characteristics of the speed of radioactive 
decay, it need only be stated that the 
number of nuclei of a given element that 
Will decay in one second is proportional 
to the number of nuclei involved and 
also to a number, known as the "decay 
constant" and designated by the letter 
lambda (A), that is an index of their in- 
stability. The greater the decay constant, 
the greater the number of nuclei that 
will disintegrate per second; more pre- 
cisely, dN = AN dt, where dN is the num- 
ber of atoms that disintegrate in a time 
dt, d is the decay constant, and N is the 
number of nuclei. 

An alternative method of measuring 
the speed of decay of radioactive nuclei 
consists in determining the time required 
before the number of nuclei present in a 
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given quantity of the substance in ques- 
tion is halved as a result of «i integra- 
tion. This time is described as ‘he half- 
life. Among the elements-»'| with 
atomic numbers above 80 
naturally radioactive, the halí 
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indeed staggering to contemp! 
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THE DECAY OF A MASS 
RADIOACTIVE SUBSTANC 


Thorium-232, a radioactive 
found in relative abundance 
has a half-life of 14 billion yea 
words, after that period of tir 
mass of this substance would be reduced 
by half. For example, if the Earth, when 
it was formed from solar or nebular mat 
ter, contained a certain quantity of tho- 
rium-232, it would still contain more 
than half of that quantity, because the 
Earth is not yet 14 billion years old. 

On the other hand, a very different 
result occurs in a radioactive element 
with a much shorter half-life, such as 
radium, which has a half-life of 1,620 
years. A mass of radium containing the 
number of grams corresponding to its 
atomic weight (226) would, under cer- 
tain conditions, contain the number of 
atoms corresponding to the so-c 
Avogadro constant: 6.02 x 10%. 
1,620 years, only half of these atoms 
would remain; after another 1,620 years; 
one half of this half (one quarter of the 
original number); after another 1,620 
years, only one eighth, and so forth. How 
many atoms would remain after a very 
long time? This is easy to calculate: after 
a period of time corresponding to the 
half-life of radium there would remain 
(as has been seen) one half the quan- 
tity; after double the half-life, the quan- 
tity would be 142; after 10 times the half- 
life, the quantity remaining would be 


14! (approximately one  one-thou- 
sandth ); after 20 times the half-life, 12?* 
(about o one-millionth ); after 30 times 
the haif fe, %%° (about one one-bil- 
lionth) d so forth. With the passing of 
about 000 years, only a single atom 
out of 602,000,000,000,000,000,000,- 
000 at in the original 226 grams of 
radiun ild remain (Illustration 7). 
Som lioactive elements decay far 
more ; iv than radium. In the case of 
thoriw 4, for example, the number of 
atoms esponding to the Avogadro 
consta uld decay into a single atom 
within inute and 20 seconds. The 
same 1 would be obtained in the case 
of pok 1-213 in just under 0.0001 sec- 
ond. 'i : radioactive elements do not 
exist in ature; they must be produced 
artifici when meeded. In minute 
amour though, some “artificial” spe- 
cies ar med by radiation from space. 


PROTE )N AGAINST RADIOACTIVE MA- 


TERIAL ‘he materials used in the field of 
nuclee sics are often radioactive and 
someti »xtremely dangerous. For this rea- 
son, p ists use equipment that enables 
them jie dangerous substances by re- 
mote An example of such equipment 
is this ;1 "mechanical hands," which op- 
erate t a highly protective shield. > 
7 
numbe 
of ator 
26 grams 
5.02 x 107° THE RADIOACTIVE DECAY OF RADIUM— 
0.226 grams 1,620 years—the half-life of radium—are re- 


quired to reduce a given quantity of that 

element by half; 16,200 years to reduce it to 
0.226 milligrams about one one-thousandth of the original 
quantity; 32,400 years to reduce it to about 
one one-millionth, and so forth. If the initial 
quantity is 226 grams (which corresponds to 
6.02 x 10° atoms), after 129,600 years only 
one atom will remain. 
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THE RADIOACTIVE FAMILY 


The following fundamental question 
about radioactivity is often posed: why 
are some elements naturally radioactive 
and others not? The nature of the rays 
emitted and the heavy atomic weight of 
most naturally radioactive elements give 
physicists two highly important clues. 
The answer lies in the way in which sub- 
atomic particles are held together to 
make up the nucleus of an atom. 

The study of nuclear structure shows 
that atomic nuclei remain stable only if 
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TABLE OF NATURALLY DECAYING NUCLEI— 
Illustration 1a is a Cartesian coordinate system 
in which the possible nuclides are shown with. 
their atomic number Z as the abscissa and 
the number of their neutrons N as the ordinate. 
The stable nuclei distribute themselves along 
the curve in Illustration 1a. If the tangent to 
the curve is drawn at the origin, the curve 
will always be above this tangent. In view 
of the fact that the abscissa represents the 
atomic number Z (the number of protons in 
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the nucleus), and the ordinate the number of 
neutrons N = A — Z (A is the mass number 
—the sum of the protons and neutrons in each 
nucleus), the fact that the curve remains al- 
ways above the tangent signifies that as the 
atomic number increases, the number of neu- 
trons must be equal to the number of protons 
in order to keep the nucleus united. The 
stable nuclei with small atomic numbers have 
approximately the same number of neutrons 
and protons; as the atomic number increases, 
the nuclei have a greater number of neutrons 
than protons. Above the curve of the stable 
nuclides are those nuclides that have an ex- 
cess of neutrons with respect to the ratio 
that renders their nuclei stable; one of the 
neutrons they contain will thus tend to trans- 
form itself into a proton. 

This is the type of radioactivity known as 
beta decay: a neutron transforms itself into a 


they are made up of a limited number of 
nucleons. The unstable elements that de- 
cay by emission of a negative beta par- 
ticle are those with nuclei having an 
excess of neutrons with respect to an 
optimal ratio. These excess neutrons in 
the nucleus transform themselves into 
protons by emitting an electron, and the 
nuclei thus become stable. Analogously, 
the nuclei that give rise to the emission 
of positive beta particles are too rich in 
protons and will transform themselves 


proton by liberating an electron. The nuclei 
that are found below the curve of the stable 
nuclei, on the other hand, have an excess of 
protons with respect to the optimal ratio; 
they therefore have a tendency to decay by 
emitting a positron (a positive electron); that 
is, a proton of the nucleus transforms itself 
into a neutron and the new nuclide will come 
to occupy a grid square with a position closer 
to the one that contains the curve of the stable 
nuclides. This kind of decay does not occur 
in natural nuclides. No nuclides with an excess 
of protons exist in nature, but they can be 
created artificially in certain experiments. Last 
is the area in the top righthand corner, which 
is separated from the rest of the graph by a 
curve that cuts across the curve of the stable 
nuclides; here are the nuclides that are un- 
stable by virtue of the large number of nu- 
cleons they contain and that are subject to 
alpha decay. The boundary is not so precise 
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originally presented by the grid square 
marked ier the decay it will find itself 
in positi: The trajectory of its descent as 
shown c e graph will have a slope of 
exactly 4 ecause it has lost an equal num- 
ber of r- ‘rons and positive charges. The 
grid squ ow representing the nuclide will 
thus be ər away from the curve of stable 
nuclides the original one. 

The n has thus become very unstable 
as rega sta-negative disintegration; in ef- 
fect, bet ay will now occur in the greater 
number :Ses and will bring the nuclide 
closer t curve of the stable nuclides. It 
thus pa: {rom position 2 to position 3. If 
it is sti far away from the zone of sta- 
bility, it »ecome subject to further decay 
that wil! g it to positions 4 and 5 until it 
has los! ¿cess neutrons; but it still remains 
in the z ! instability subject to alpha de- 


cay and therefore, undergo further decay. 
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The graph in Illustration 1b shows that the 
alternation of alpha and beta decays in a 
chain of decay will not permit the nuclide to 
end up in a grid square chosen by chance. 
The nuclide that starts from grid square 1 
follows a chain of alpha and beta decays and 
Will arrive in grid square 2, later in 3, and so 
on right down to grid square 9. On the assump- 
lion that the various alpha and beta decays 
Observed in this chain are put into a different 
order, the nucleus will descend by some other 
Toute and will find itself occupying other grid 
Squares on its way; but it cannot arrive at all 
the grid Squares. For example, the nuclide 
Starting from grid square 1 can never arrive 
in grid squares 10, 11, or 12. This is due to 
the fact that it is impossible for the nuclide 
4 Vary its mass by a number of units other 
Than 4, just as it is impossible for it to vary 
He charge by any number other than 1 (beta 

lecay) or 2 (alpha decay). 


RADIOACTIVE EQUILIBRIUM—Assume that a 
pure sample of a radioactive substance (of 
which the half-life t, is known) has been pre- 
pared. What happens when it decays into an- 
other radioactive substance that has a half- 
life t; < t,? The daughter substance will decay 
less rapidly than the rate at which it is pro- 
duced. 

The situation can be visualized by imagin- 
ing the parent substance to be a reservoir 
full of liquid A connected to another reservoir 
B that can discharge through a hole (Illustra- 
tion 2a). If this hole is large, the supply of 
liquid arriving from the reservoir A will be 


NATURAL RADIOACTIVITY 


The periodic table of the elements con- 
tains several elements whose nuclei are 
unstable by virtue of alpha decay. Be- 
cause these elements occur in nature and 
decay spontaneously, they are called 
natural radioactive elements. Decay by 
means of alpha particle emission causes 
the new nucleus to be excessively rich in 
neutrons with respect to the proportion 
that would render it stable. An alpha- 
radioactive element will thus often gen- 
erate a beta-radioactive element. Even 
after the emission of the electron of the 
second decay, the atomic number of the 
nucleus, although reduced, might still be 
greater than 80, and the new nucleus 


discharged at once; very little liquid will ac- 
cumulate in the reservoir B. If the hole in the 
second reservoir C is small, the liquid that 
represents the daughter substance will ac- 
cumulate to some depth. 

The horizontal line in the upper part of 
Illustration 2b represents the variation with 
respect to time of the mass of a weakly 
radioactive substance that generates a highly 
radioactive one. The first does not show any 
appreciable diminution, while the second will 
grow in percentage, become stationary, and 
maintain itself at a constant percentage of the 
mass of the mother substance. 


may, therefore, be subject to alpha decay. 
In this manner a chain of radioactive de- 
cay occurs. Decay by successive alpha and 
beta emissions, beginning from a certain 
element at the head of the series, can 
only lead to nuclides that are to be found 
at certain points in the table, and these 
depend only on the atomic weight of the 
parent element. 

Lastly, it is interesting to consider the 
ratios that exist between the decay pe- 
riods of the various nuclei that form the 
radioactive chain; these ratios determine 
the abundance in which each of the de- 
scendant nuclei is found. The ratios be- 
tween the different elements of the chain 
are governed by the law of radioactive 
equilibrium. 
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THE RADIOACTIVE FAMILY — This graph 

shows the disintegration series of the four nat- 

ural radioactive families. The number of fam- 
ilies is four because the mass of the nuclides 
can diminish only by 0 or 4 units of mass; their 
radioactive decay will thus cause them to oc- 
cupy specific grid squares. 

Of these four families, the series 4n 4- 1 
does not exist in nature. This is explained by 
the fact that all the species of atoms were 
formed a few million years ago. Those that 
remain in the Earth's crust are either stable, 
or have half-lives of the order of 10° years or 
more, or are produced by nuclear reactions 
that occur in nature. Each box represents an 
element of the series; these are joined by ar- 


rows with an indication of the type of decay 
that leads from one to the other. 

The four families of radioactive elements 
descend from four elements that have suc- 
cessive mass numbers; that is, there is one 
mass unit of difference from one to the next. 
The result is the series 4n, the series 4n +1, 
the series 4n + 2, and the series 4n + 3. The 
mass number is shown as the ordinate and 
the atomic number as the abscissa. Certain 
elements in the disintegration series have 
names that correspond to the Position of the 
nuclide in the periodic system. In Illustration 
3a, for example, the box at the bottom where 
A = 208 and Z = 82 (which corresponds to 
lead, Pb) is also labeled ThD, which means 


thorium D. This anomalous denomination de- 
rives from the fact that the radioactive families 
were first recognized and studied at a p 
when physicists did not yet know how to effe 

a separation of the various products of E. 
by the coprecipitation method used today. ia 
that time it was possible to distinguish Me 
various products of decay in the disintegration 
series descending from a given element, ef: 
it was not always possible to assign an aTa 
number to each of these products. Physic 
only succeeded in recognizing the order 

which a particular activity followed the other 
and so they assigned names to those pro t 
ucts that consisted of the name of the | 
from which they were descended, followed 
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a letter of the alphabet that indicated their 
Position in the disintegration series. In the 
diagram, in fact, are found a succession of 
names such as ThA, ThC, ThC’, MsTh, (Ms 
Stands for mesothorium, which follows tho- 
tarts in the radioactive chain), MsTh2, and so 

Illustration 3a shows the natural decay of 
the 4n or thorium family. The naturally occur- 
io element from which this family descends 

thorium-232; it would seem that in cosmic 
MESSA Synthesis this element is derived 
bab plutonium-240. However, this element 
foi d Short an average life that it is not 
Ne in nature. The final product is lead-208, 

ich is stable. The interesting fact here is 


that the lead formed by the disintegration of 
thorium has an atomic weight of 208. In a 
sample of natural lead it is, therefore, possi- 
ble to establish what part thorium has played 
in its formation. These considerations are 
particularly important in terrestrial and cos- 
mic geochemistry. 

Illustration 3b shows the natural decay of 
the 4n + 1 or neptunium family. The element 
from which this series descends does not 
exist in nature. The other elements of the 
chain are likewise not to be found in nature 
because they decay very rapidly and so can- 
not accumulate in any appreciable quantity. 

Illustration 3c shows the decay of the 
4n + 2 or uranium family. This series is de- 


scended from uranium-238, the more stable 
of the two uranium isotopes to be found in 
nature. The lead that represents the stable end 
product of this disintegration series has a 
mass of 206. In naturally occurring lead, the 
ratio between the 206 and the 208 isotopes 
is determined in order to establish the ratio 
between the two elements from which they 
descend. 

Illustration 3d shows the decay of the 
4n +3 or actinium family. Actinium is the 
name of an element in the family. It has given 
its name to actinium-uranium, the highest ele- 
ment in this series to be found in nature; this 
is nothing other than uranium-235, one of the 
less abundant isotopes of natural uranium. 
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THE-PATHS: OF 


IONIZING PARTICLES 


The radiologist who protects himself 
with lead-impregnated rubber gloves 
and apron, the nuclear physicist who 
manipulates his specimen with remote- 
controlled mechanical equipment from 
behind thick concrete walls, and the en- 
gineer who covers the core of a nuclear 
reactor with a concrete shield several 
feet thick—all are trying to contain the 
radiation issuing from the substances 
and the equipment with which they are 
working. This radiation, when absorbed 
in large quantities, can be fatal and so 
must be contained by means of suitable 
shields, Because the materials used to 
make such shields are expensive, it is 
essential to know just what thickness will 
contain the radiation and prevent it from 
reaching the operator. 

The study of this radiation and its ca- 


LIKE A COMET IN THE SOLAR SYSTEM—The 
illustration shows a charged particle—a pro- 
ton, for example, which is the nucleus of a 
hydrogen atom—passing through another 


atom. An atom resembles a miniature solar 
system, in which the place of the sun is taken 
by a heavy nucleus with a positive electrical 
charge and that of the planets by the elec- 


pacity to penetrate various materials 
concerns not only the technician respon- 
sible for the protection of those handling 
radioactive substances; it also concerns 
the physicist researching the nature of 
radiation. He is interested in investigat- 
ing what happens when an ionizing par- 
ticle penetrates matter—what happens to 
the particle and what happens to the 
matter it penetrates. 


THE PENETRATION OF AN 
ATOM BY A CHARGED 
PARTICLE 


What happens to charged particles when 
they penetrate matter? The atoms that 
compose matter are rather close to one 
another, and may be likened to closely 
packed spheres. A charged particle—a 


trons, which have negative electrical charges. 
The proton can pass between the electrons 
without colliding with them; if it does pass in 
this way, it will not slow down. However, if in 
passing it deflects one of these electrons from 
its orbital position, the intruding proton will 
expend some of its energy and continue on 
its way at a reduced speed. 
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through matter, the 
many atoms; and al- 


though it does not attract electrons from 
all of them, it does attract a fair number. 
As a result of the gradual accumulation 
of electrons in its wake, the proton slows 
down little by little. Therefore, the speed 
of a charged particle, although very high 
at first, is eventually reduced to zero. 

When a proton has attracted an elec- 
tron away from an atom, that atom no 
longer remains neutral, for it has lost a 
negative charge—that of the electron; the 
amount of positive charge in the nucleus 
of the atom, therefore, exceeds the 
amount of negative charge orbiting 
around the nucleus. 

An atom that has either lost or ac- 
quired one or more electrons is called 
an ion. The process of attracting an elec- 
tron from an atom is known as ionization 
(ion-making). The proton, because of its 
properties as a positively charged par- 
ticle, engages in ionization, and is so de- 
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) HEAVY ATOMS: TWO DIFFER- 
NG EFFICIENCIES—The small cyl- 


inder e top contains lithium atoms. A 
lithiury has three electrons, each bound 
to the us by a moderate force. If a pro- 
ton p: tes this cylinder, it will not be 
braket ny great extent, because it would 
have t form very little work in order to 
deflect three electrons of a lithium atom. 


scrib an ionizing particle. For the 
same n, all particles with an electri- 
cal cl protons, electrons, the nuclei 
of io: atoms—are ionizing particles. 
LEA A SHIELD AGAINST 

RAD ON 

In or to provide protection against 
ionizin radiation, the sources of such 
radiat -a nuclear reactor, for example, 
or a vessel containing radioactive mate- 
rial—must be separated from the endan- 
gered site by a thickness of material 


composed of heavy atoms, that is, atoms 
of high atomic number and therefore 
containing many electrons. Among the 
heavy elements that have proved suit- 
able for shields against radiation, lead is 
the most effective and is used in all nu- 
clear techniques. Lead is expensive, how- 
ever, and in shields of the large size 
required for a nuclear reactor, lead is 
usually replaced by concrete into which 
Scrap steel has been incorporated. Iron 
is less effective than lead, but it is only 


B. 
J~ 


However, if a cylinder (below) of the same 
size is filled with the same number of lead 
atoms, a more efficient braking action is exer- 
cised on the ionizing particle that penetrates 
it. The particle will tend to deflect from a lead 
atom electrons that are bound more strongly 
to its nucleus than are the electrons of a 
lithium atom to its nucleus, because the elec- 
trons of the lead atom are closer to their 


a tenth as expensive, and can, therefore, 
be used in far greater quantity. 
Radiation shields are made of different 
materials, according to the kind of radia- 
tion that must be contained. The same 
nuclear process may produce different 


A PROGRESSIVE BRAKING ACTION—If it 
were possible to observe a proton penetrate 
a piece of lead and produce ions there, the 
proton would be seen entering at high speed 
—almost that of light—and with an energy of 
1,000 Mev (1 Gev). (The Mev, 1 million elec- 
tron volts, is a measure of energy used in 
nuclear physics; its strength can be under- 
stood in comparison with the amount of en- 
ergy needed to deflect an electron from an 
atom, which is estimated at between a few 
and 25 electron volts.) On entering the lead, 
the proton loses 12 Mev of energy for each 
centimeter of its progress. The density of the 
tiny dots appearing along its track (illustrated) 
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nucleus. The positive electrical charge of a 
lead nucleus is greater than that of a lithium 
nucleus, because the lead nucleus has a 
greater number of protons, and these retain 
the electrons more strongly in orbit. There- 
fore, the ionizing particle would have to ex- 
pend more energy to deflect an electron from 
the lead atom than would be needed to deflect 
an electron from an atom of lithium. 


kinds of radiation, and in such cases the 
shield must consist of a series of layers 
of different thicknesses and different ma- 
terials. In addition to iron and lead, 
barite is often used for this purpose. 
Barite, which occurs naturally and rather 


is proportional to the number of ions it pro- 
duces. This loss of energy slows it down (just 
as the leaves and branches of trees slow down 
a bullet fired into a forest); when the proton 
has lost half its energy, it will begin to lose 
16 Mev for each succeeding centimeter, and 
by the time its energy has been reduced to 
the level of 300 Mev the rate of loss will be 
20 Mev per centimeter. The more it slows 
down, the more effective the braking action 
becomes; at a speed permitting production of 
only 50 Mev of energy, its loss will be 70 Mev 
per centimeter, bringing it to a complete halt 
within that centimeter. This marks a limit be- 
yond which the proton cannot penetrate. 
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abundantly, is an inexpensive mineral 
containing barium, an element with a 
high atomic number. The mineral is first 
ground into a powder, then mixed into 
the concrete from which the shields are 
made, A special problem exists where the 
weight of the shield must be considered, 
as in the case of the mobile nuclear reac- 
tors that serve as propulsion units for sub- 
marines, 


DENSITY AND BRAKING ACTION—The top 
cylinder, with a base area of 1 square centi- 
meter, contains a vacuum. An ionizing parti- 
cle (such as an alpha particle emitted by a 
radioactive atom) entering this cylinder en- 
counters no obstacle and can travel an in- 
finite distance. 

The middle cylinder, with the same cross 
section as the top cylinder and a thickness 
of 1 millimeter, contains lead. The lead atoms, 
like those of all solids, are closely packed. 


force, however, that force will not be 
sufficient to deflect the electrons from 
their attraction to the nucleus. 

Protons and all other ionizing particles 
that penetrate matter are themselves de- 
flected when they collide with a nucleus, 
Such a collision causes their paths to be 
erratic, and the slower the movement of 
the particle, the more erratic its path, 
Therefore, the track of a particle bends 


THE IONIZING CAPACITY OF 
FAST AND SLOW PARTICLES 


The ionizing capacity of a particle is di- 
rectly correlated with its velocity. If the 
particle penetrates an atom at slow 
speed, it has enough time to attract elec- 
trons and jolt them far from the atom. 
If the particle passes the electrons too 
quickly to affect them with its attractive 


greatly at the end of its penetration, a 
ey 1 phenomenon readily observed in all de- 
This thickness of lead is enough to'stop an| vicc. used to detect ionizing particles, 
alpha particle. à 1 
The bottom cylinder, with the same cross| such as the Wilson cloud chamber. 


section as the others but with a thickness of 
10 centimeters, also contains lead, the same 
number of lead atoms as the middle (1 mm- 
thick) cylinder. However, the atoms in the 
bottom cylinder are dispersed through its 
area, as in a gas. They will stop the penetra- 
tion of the alpha particles, but further along 
the thickness of the cylinder. 


THE THICKNESS OF THE 
SHIELDS 


A particle with a given charge and a 
given amount of energy penetrates a spe- 


"STRAGGLING" OF PARTICLES IN A CLOUD 
CHAMBER—This photograph shows the 
tracks of alpha particles emitted in a cloud | 
chamber. In this device, the tracks of the 
particles are made visible by the liquid drop- 
lets deposited around the ions produced by 
the particles as they penetrate air saturated. 
with vapor. The distance of penetration de- 
pends on the energy of the particles and the 
density of the air. Although all the alpha 
particles emitted by any particular radioactive 
element have an identical amount of energy, 
it is evident that their ranges are not identi- 
cal. The main reason for this is the fact that 
particles lose their energy by ionization at 
random along their trajectories; some par- 
ticles are involved in fewer collisions, and 
therefore penetrate further, while others have 
more collisions—always at random—and 
come to a halt after less penetration. This 
phenomenon of range dispersion is known as 
“straggling.” 


^ OF THE CORE OF A NUCLEAR 
ND ITS SHIELD—Many radia- 
ng those of ionizing particles, 
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‘ON AGAINST RADIOACTIVE DUST 
nuclear technicians must work in 
its In which radioactive dust is sus- 
the air. The radiation emitted by 
‘joes not have a range of more than 
ut 8 in.) A suit of thin plastic ma- 
ied with air is sufficient for pro- 
»»smuch as the plastic material can 
1e radioactive dust and at least 20 
separates the material of the in- 
vom the wearer, no radiation emit- 
dust can reach the wearer's body. 
»antly introduced into the suit; this 
it around the neck, the wrists, and 
^ntal holes, and serves to prevent 
itive dust from penetrating these 
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cific substance for a measurable distance. 
A table can be devised to show the pos- 
sible depth of penetration of every kind 
of particle—proton, electron, alpha ray, 
and so forth—in a variety of materials, 
depending on the energy available. Ta- 
bles of this kind are indispensable to 
those responsible for designing shields 
to contain radioactivity. 

Instead of stating that an electron with 


the energy of 1 million electron volts (1 
Mev) can penetrate so many centime- 
ters of aluminum, it is customary to state 
that so many grams of aluminum with a 
cross section of 1 square centimeter can 
contain 1 Mev of energy. 

Those who design shields needed to 
protect endangered sites from radioac- 
tive particles must know how far a par- 
ticle with a given amount of energy can 


travel. If the relationship between the 
particle’s energy and the distance it can 
travel—its range/energy ratio—is known, 
it is possible to calculate the energy in- 
volved whenever the range is measura- 
ble. In many experiments in nuclear 
physics, the possible distance a particle 
can travel within a given material is 
measured in order to determine the 
quantity of its energy. 
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FISSION | the principle of the atom bomb 


Early on the morning of August 6, 1945, 
a United States Air Force bomber re- 
leased a single bomb over the Japanese 
city of Hiroshima. An instant later the 
first atomic bomb to be used in warfare 
exploded with the force of 20,000 tons 
of TNT, completely devastating a 4- 
square-mile area in the heart of the city, 


1 


THE BARN—Suppose that inside a parallel- 
sided box there are atoms of an element, at 
a certain density. A diagram (Illustration 1a) 
can be drawn in which the centers of the 
nuclei of all the atoms of that element are 
shown projected onto a single plane. Now 
suppose this box is traversed by particles— 
neutrons, for example—that do not interact 
with the electrons of the atoms but only with 
their nuclei. (The electrons are so small that 
interaction with them is much less probable.) 

Whether a neutron hits or misses a nucleus 
contained in the box depends on two factors: 
the density of the atoms in the box and the 
size of their nuclei. Small circles with di- 
mensions corresponding to those of the nuclei 
can be drawn around the points representing 
the centers of the nuclei in the diagram. If 
these circles are large and frequent, parts of 
some circles will be superimposed (Illustration 
1b). In this case a neutron traversing the mat- 
ter in the box cannot avoid contact with the 
nuclei. If, however, the circles are small or 
widely spaced (lllustration 1c), the neutron 
Will pass through because it is unlikely to 
meet any nuclei on its way. The conclusion 
is that the probability of fission occurring in 
ihe substance through which neutrons pass 
depends essentially on the dimensions of the 
nuclei and their density. 


killing an estimated 66,000 persons and 
injuring 69,000 others. The atomic age 
had opened with terrifying reality. The 
first atom bomb represented the efforts 
of many men, perhaps most important 
among them the scientists who found 
a way to release a significant amount of 
energy from the atomic nucleus by the 
method of nuclear fission. 

Between 1930 and 1939 physicists had 
subjected large numbers of atomic nuclei 
to bombardment by atomic particles in 
order to set off nuclear reactions. The 
particles used were of different natures 
and origins: alpha particles come from 
spontaneous disintegration of radioac- 
tive substances, while protons and neu- 
trons come from nuclear reactions. The 
positively charged alpha particles have 
the advantage of possessing a relatively 
large mass (atomic mass units). Protons, 
because they have a positive charge of 
one and an atomic mass of one, were 
very easily accelerated by early types of 

particle accelerators. Lastly, neutrons— 
which, being neutral, cannot be acceler- 
ated electromagnetically-can approach 


an atomic nucleus without being affected 
by the negative charges of the electrons 
surrounding the nucleus. Neutrons can 
be produced by firing protons at other 
atoms. When deuterium, an isotope of 
hydrogen, is bombarded by protons, it is 
transformed into hydrogen and one neu- 
tron is ejected from the nucleus. Bom- 
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An important fact that must be taken into 
consideration in the study of nuclear reac- 
tions is that the nucleus of an atom is not a 
geometric entity as is a nucleus of micro- 
scopic dimensions. The sectional nature (the 
area of the circle shown in the diagram) of an 
atomic nucleus depends on two factors: the 
nature of the particle with which the nucleus 
interacts and the relative velocities of the 
particle and the nucleus. If these factors are 
known, it is possible to say that the nucleus 
will behave, in relation to the particular par- 


bardment of beryllium with alpha par- 
ticles provides another useful source of 
neutrons. 

In all the reactions studied up to 1939, 
the nuclei were bombarded with light- 
weight particles and underwent a change 
of mass of only a few atomic mass units. 
The nucleus absorbed the lightweight 
particle by which it was bombarded, and 
ejected particles having only a few 
atomic mass units, 

In 1939 two German physicists, O. 
Hahn and F. Strassman, discovered that 
by bombarding uranium with slow neu- 
trons (neutrons with an energy compara- 
ble to that with which the molecules 
move in a gas at normal temperature 
and pressure), particles could be ob- 
tained with a mass between that of the 
bombarded nucleus, uranium, and that 
of the bombarding neutron. The two 
physicists were certain that they had 
obtained a special kind of nuclear reac- 
tion, now known as fission, in which the 
target nucleus splits into two fragments 
of dimensions comparable to those of the 
nucleus itself. In the same year, the 
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unit is used to compare collisio: babilities. 
for different reactions, for given jitions of 


the incident particle. 


and is of a magnitude of ab. t one ev 
(electron volt) per atom, a urs ^ um atom 
reacting to a single process . nuclear 
fission releases energy about 100 million 


times greater. Meitner and Frisch were 
able to measure the great energy re- 
leased by such a reaction—about 100 
Mev (million electron volts). 

Meitner and Frisch also observed that 
during the process of fission of uranium 
nuclei, some neutrons were emitted that 
could cause other fission reactions inside 
the block of uranium—reactions known 
as chain reactions. Physicists then began 
to consider the possibility of exploiting 
this chain reaction to produce additional 
energy. 

The first theory to explain the phe- 
nomenon of experimentally observed nu- 
clear fission was advanced by the Danish 
physicist, Niels Bohr, and the American 
physicist, J. A. Wheeler. Even today this 
theory is incomplete because, despite all 
later improvements, it is still unable to 
explain all the phenomena of nuclear 
fission that can be observed experi- 
mentally, 
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librium h a gas at room temperature. The 
appro: 19 neutron is therefore a thermal 
neutr: 

In ti ation 2b the neutron has collided 
with i U nucleus and formed a compound 
nucle iat is, the nucleus and the inci- 
dent ; 3n have fused, creating a new en- 


tity. Y ompound nucleus is unstable and 
will th cay after a short time, initiating the 


final : of the reaction. 

Mu: ;n 2c shows the compound nucleus 
3 
COLL ! SECTION OF THE FISSION 
PROC -The fission reaction can be pro- 
duced ill nuclei with an atomic number 
above vhen they are bombarded with neu- 
trons g a sufficiently high energy charge. 


With i having an atomic number above 


30, th sion process is not particularly in- 
terest! because it takes place with absorp- 
tion c! energy—an endothermal reaction. 


Only nuclei with an atomic number above 90 
will ui rgo fission with particles possessing 
less than 10 Mev of energy. 

Few eiements can undergo fission by slow 
neutrons. Interestingly, the nuclei of such ele- 
ments all have an odd number of neutrons. 

Other elements with high atomic numbers 
require neutrons with at least 1 Mev of energy 
for fission to take place. Even when the nu- 
cleus has been hit by the neutron, fission may 
Still not take place, in which case an unstable 
composite nucleus is formed. Such a nucleus 
returns to its original state simply by emitting 
gamma rays, with no fission taking place. 

The graphs show the collision section of 
Uranium-235 (Illustration 3a) and plutonium- 
239 (Illustration 3b) for neutrons with different 
energy values. The collision section varies 
between extreme values when the energy of 
the incident neutron differs from the thermal 
Riek at energy levels of a large number of 

ev. 


undergoing fission—splitting into two frag- «c 
ments of unequal atomic mass. The fragments 
move rapidly, carrying with them most of the 


energy released in the fission process: 168 
Mev (1 Mev + 10° ev). Along with these two 
fragments, some neutrons n are released, an 
average of 2.5 for each fission process (4 are 
shown in the illustration. These neutrons 
carry with them about 
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released by fission. Also emitted are gamma 
rays y with an energy of 10 Mev, beta rays B 
of 5 Mev and some particles known as neu- 
trinos v, which carry off about 11 Mev. The 
energy of the neutrinos is lost since they do 
not interact with the surrounding matter and 
are thus dispersed at a great distance. A neu- 
trino may go right through the Earth with only 
a very slight chance of being absorbed. 
Every time an atom of uranium is subject to 


5 Mev of the energy 


fission an average of 199 Mev are emitted. The 
energy values given above are averages, and 
will thus vary from one fission process to the 


next. 
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THE SYMMETRY OF FISSION FRAGMENTS— 
A characteristic of fission is that the two frag- 
ments into which the nucleus splits do not 
have the same atomic mass, and very rarely 
are the two masses close to half the mass of 
the original nucleus. The nucleus of uranium- 
235 usually splits into two fragments having 
masses of 95 and 140, or masses close to 
these values. 

Illustration 4a shows the frequency with 
which the fragments of the ?°5U nucleus are 
formed in relation to their mass number. (To 
show accurately the entire field of probability, 
a logarithmic scale is used for the ordinates.) 
The nucleus splits into two equal parts once 
every 10,000 collisions, an occurrence about 
700 times less probable than a split into 
masses of 95 and 140. 

Mlustration 4b is the same graph divided 
linearly on a vertical scale, providing a clearer 
idea of the strongly asymmetrical nature of 
the masses in fission. 

It is interesting to note that the two fission 
fragments are not stable. Their instability is 
due to the fact that for stability, a heavy nu- 
cleus, such as that of uranium, requires many 
more neutrons than protons, while the stable 
nuclei in the middle of the periodic system 
have only a few more neutrons than protons. 
The fission fragments are thus created with 
a large excess of neutrons, which renders 
them unstable with a strong tendency to decay 
back to their original state, emitting negative 
beta particles in the process. This explains 
why the products of fission are extremely dan- 
gerous: they decay very rapidly into stable 
elements. As fission products decay, they 
form fairly complex chains of unstable ele- 
ments which emit large quantities of danger- 
ous gamma and beta rays. Nuclear reactors 
must be adequately shielded to protect work- 
ers against these rays. 
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THE THEORY OF FISSION—The explanation 
of fission as a nuclear reaction requires, as 
do many other nuclear reactions, the theoreti- 
cal presence of an excited compound nucleus. 

A nuclear excitation capable of causing 
fission can, however, be brought about by 
means other than slow neutrons. For example, 
fission may take place beca: the nucleus 
absorbs a gamma photon having a very high 
energy level. The theories pu! forward to ex- 
plain the phenomena of nuc 
very complex; the following explanations give 
a general idea of the more si 

One way of explaining the fi 
to imagine that the fissionable nucleus con- 
sists of the two fragments inside a potential 
barrier. A mechanical model, as in Illustration 
5a, is that of two spheres, placed in the 
mouth of a crater, and free to oscillate. If the 
kinetic energy of the two spheres is less than 
the difference in potential energy between the 
bottom and mouth of the crater, the spheres 
would be unable to emerge, according to the 
laws of classical mechanics; yet this possi- 
bility does exist in quantum mechanics. By 
applying quantum mechanics to this model It 
is possible to calculate certain characteristic 
magnitudes of the fission, such as the energies 
possessed by the fragments. 

A second theory of fission (illustration 5b) 
uses the model of the liquid drop to study 
the oscillations of the compound nucleus— 
oscillations that can lead tc íragmentation 
into two drops. 

However, neither of these nuclear models 
can explain the asymmetry oí the masses of 
the fission fragments. Present knowledge of 


the structure of the atomic nucleus provides a 
detailed, but still incomplete, picture. 
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The © ordinary complexity of the 
series baryons and mesons suggests 
that t — represent the aspect of the ex- 
cited s of some subnucleonic entity. 
This ! thesis is readily suggested by a 
comp n of the baryon series with the 
series nicroscopic entities of which 
matt: known to be composed. In the 
electi: netic spectrum appear infra- 
red |: emitted as manifestations. of 
mole: energy, visible light and x-rays 
emit! is manifestations of atomic 
enere) ond gamma rays emitted as man- 
ifesti: of nuclear energy. Each mani- 
festa! is accounted for by the fact 
that (e exist particles bound together 
by a foe and constituting a system with 
energ) ontent; variations of this energy 
caus emissions of discrete entities of 
ener f interchanges outside of the 
syster but always in accordance with 
the |) of quantization, that is, of a 


discre! emission of the energy itself. 

In ‘y instance, at least on the 
atom nd molecular levels, there is a 
simple clationship between the force 
and field—in both the atomic and 


mole: instances, with the electro- 
magi field. No complexity is intro- 
duce descending the scale from the 
mole: i, to the atomic level, because 
atom: "e relatively less complex than 
molec. ‘os; the latter are, in fact, far more 


varied tuan atoms and can, moreover, be 
composed of many more entities than 
can atoms, which contain only the nu- 
cleus and electrons. Consideration of the 
atom and the force that maintains it as 
an entity, therefore, tends toward simpli- 
fication and clarification of the entities 
that compose the atom. In the instance 
of the nucleus, however, the force that 
maintains it as an entity is far more com- 
plex than the electromagnetic force and 
is so far almost entirely unknown. 

The quanta of this nuclear force are 
the mesons, just as the quanta of the 
electromagnetic field of force are the 
photons, Although photons are nonma- 
terial particles, mesons have a rest mass 
and, in the last analysis, prove to be ex- 
cited states of electrons. Descending the 
levels from the more complex to the ulti- 
mate components of matter, a degree of 


simplification is expected, because the 
bodies appear to be increasingly “ele- 
mentary”; yet in a certain sense it seems 
that simplification recedes as the nuclear 
level is reached. 


THE INTERNAL DYNAMICS 
OF THE NUCLEON 


Actually, in the study of elementary par- 
ticles an entirely exceptional phenome- 
non appears. Experiments have demon- 
strated that nucleons have an internal 
structure and that they may, therefore, 
be composed of even simpler bodies. 
Moreover, this hypothesis is suggested 
by analogy with the more complicated 
systems of atoms and molecules. When 
physicists stated that molecules were 
composed of simpler entities or that 
atoms were clusters of subatomic par- 
ticles, all these particles had already 
been observed experimentally. However, 
nobody has ever been able to split the 
nucleon into simpler entities. One reason 
for this is that, even if it were possible, 
the splitting of the nucleon would re- 
quire energy not yet available from exist- 
ing accelerators. These are capable of 
producing energies of the order of 30 
Bev (billion electron volts); perhaps 
they will need to produce in the range 
of 100 Bev (a 200-Bev accelerator is 
planned for Weston, Ill., and a 75-Bev 
accelerator was reported in operation in 
the Soviet Union), or even 1,000 Bev or 
more, in order to split nucleons into more 
elementary units. 


THE HYPOTHESIS 
OF THE QUARKS 


Despite these difficulties, the study of 
the baryon series (that is, the series of 
excited nucleons) and the meson series 
(the series of excited electrons) has now 
reached such an advanced point as to 
present a rather clear picture and to sug- 
gest hypotheses concerning the basic 
properties of the entire series of baryons 
and mesons. Each of these particles has 
mass (although this property is of little 
importance, because it is readily changed 
by the presence of potential energy), 


a vanguard hypothesis about the composition 
of baryons and mesons 


electrical charge, spin, and strangeness. 
The task that physicists have set them- 
selves is to discover theoretically what 
subnucleonic particles might explain the 
presence of the special features and char- 
acteristic numbers of all the components 
of the nucleus and of nucleons. 

It was relatively easy to formulate this 
structure of the subnucleonic particle, 
but unfortunately this could only be 
done by means of particles that are very 
far from being as simple as more ele- 
mentary particles of matter should be. 
These particles, or rather, these sub- 
nucleonic entities, have been given the 
generic name of quarks by the American 
physicist Murray Gell-Mann. Quarks 
have extraordinary properties. It must 
be noted first that only three such sub- 
nucleonic entities are required to explain 
all the phenomena of the dynamics of 
mesons and baryons. They are desig- 
nated p, n, and A (lambda). The first 
two, which have a number of similar 
properties, come to constitute a doublet 
state comparable to the proton and the 
neutron in the baryon series: the first is 
positively charged and has a value of 
+24; the second is negatively charged 
and has a value of —%. The third is 
also negatively charged and has a value 
of —14. 

It must be remembered that the unit 
of electric charge is the electron, which 
has a value of —1. All three quarks have 
a spin of %, but they have different 
values of strangeness: the first two have 
strangeness values of 0, but the third has 
a strangeness value of —1, It is postu- 
lated that antiquarks also exist; each of 
these has an electrical charge of equal 
but opposite value. The antiquark of p 
would have a negative charge of 24, the 
antiquarks of n and À would have positive 
charges of 35, and the À antiquark would 
have a strangeness value of +1. 

It is possible to construct any particle 
in the baryon and meson series by com- 
bining quarks. Only two quarks are re- 
quired to construct a meson, but three 
are needed to construct a baryon. Noth- 
ing has been said about the mass of 
quarks, because the mass of the particles 
of which the quarks are components— 
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THE THREE QUARKS AND THE THREE ANTI- 
QUARKS—This illustration depicts the sub- 
nucleonic entities that compose every known 
particle except electrons and neutrinos. For 
the first time, in delving into the structure of 
matter, it is possible to represent the ultimate 
entity without making use of the commonsense 
image of a small sphere. Atoms and nucleons 
have properties that are intelligible in terms 
of the symmetrical form of a sphere; however, 
quarks are only known to be entities capable 
of clarifying numerical relations between sim- 
ple numbers that represent the quantum num- 
bers of the particles, It is, therefore, appro- 
priate to represent quarks graphically by 
extremely simple geometrical symbols. These 
are presented in an order that divides the rows 
into two parts, left and right of the center, 
each part forming a mirror image of the other. 
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In the first row are the symbols of the quarks 
(on the left) and the antiquarks: p, n, A, A, n, p. 
The arrow in the center of each symbol rep- 
resents the spin, with the value of Ve in each 
case. In the second row appear rectangles rep- 
resenting quantitatively and by location the 
charge corresponding to each of the particles; 
those above the median line are positive: 
+2/3, —1/3, —1/3, +1/3, +1/3, —2/3. In 
the third line appear similar rectangles repre- 
senting the strangeness values: 0, 0, -1, +1, 
0, 0. 

Antiquarks differ from quarks by their op- 
posite charge and strangeness values. Their 
function is to offer possible combinations to 
obtain antiparticles. In discussing the combi- 
nation of quarks, therefore, normal quarks are 
understood, whereas a corresponding combi- 
nation of antiquarks (those marked with a bar 
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above) refers to the formation oi particles. 

Quarks can be combined to 1 baryons 
and mesons. These combination. «n explain 
all the properties of known pa as except 
the electron and the neutrino. T »ypothesis 
of the quark allows for a basic » 'anation of 
many properties of mesons and :yons, but 
it opens the question of the naturs ot the elec- 
trical charge, which, for the firsi ime, is ex- 


pressed in terms of a fraction of tie charge of 
the electron. There is also developrnent toward 
the complete disappearance of mass as 8 
property of matter; mass appears only as the 
potential energy of the bond between quarks. 
Mass thus comes to lose the material aspect 
of a substance and is being replaced by 8 
concept expressed completely in terms of 
energy. 


aa ——————— n MrÁ —À ae M 


mesons and baryons—derives from the 
potential energy that is stored in the 
system of quark combinations. 

Quarks possess a fractional charge, 
the first time this phenomenon has been 
encountered in the study of physical 
systems. This altogether new fact is not 
in accord with the tenets of physics, and 
it has not been possible to justify the 
fact that no particle previously dis- 
covered had a charge less than that of 
an electron. 


The hypothesis of the quark evidently 
makes it possible to explain many of the 
properties of baryons and mesons, espe- 
cially those connected with the concepts 
of spin and strangeness. Nevertheless, 
this hypothesis is still undeveloped; the 
origin of the forces that allow quarks to 
combine and form the more complex 
particles is not known, nor are the laws 
that govern these forces. It is not known 
whether quarks may be detached from 
one another or whether they have inde- 


pendent existence, even for extremely. 
short periods, nor is it known what 
energy would be required to attempt to 
discover these things. 

Even more important questions can 
be raised to bring to light the relation- 
ships between quarks and the particles | 
that physicists previously considere 
more elementary than the electron and 
the neutron. As each new accelerator of 
higher energy is built, early experiments 
are sure to include quark searches. 
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copie systems, such as the 
d nuclear systems, are governed 
t action and reaction described 
ation devised by the Austrian 
Erwin Schrödinger. This equa- 
tually a mathematical theory 
s it possible to deduce results 
t be explained by means of 
:echanics. 

expanding knowledge of atomic 
physics has given scientists 
confidence in the use of Schró- 


equation and its derivatives as 


` in Newtonian theories of me- 
or the calculation of the move- 
celestial bodies or of any other 


the anti-universe and 
its unlikely existence 


macroscopic mechanism. 

However, Schródinger's equation itself 
has its limitations and its own realm of va- 
lidity. In particular, it is inapplicable to sit- 
uations possessing considerable amounts 
of energy—systems, for example, in which 
the particles move at speeds approaching 
the speed of light. In such cases consid- 
eration must be given to the relativistic 
factors, which have a great influence on 
the values of the total amount of energy 
present. 

One equation which takes into account 
these relativistic factors is named after 
the British physicist Paul Dirac, who de- 
duced its form. An interesting property of 


this famous equation is that it has two 
types of solutions. One type corresponds 
to the regular particles with positive ener- 
gies and a definite electric charge. The 
other solution, however, corresponds to 
particles with negative energies. The lat- 
ter particles may be reinterpreted as phys- 
ical particles with positive energies, but 
with (among other things) opposite 
charge to the first type of solution. 


THE ANTIPARTICLES 
In applying Dirac’s equation to the case 


of electrons, the existence of a particle 
possessing the same properties as the elec- 


AND ANTIPARTICLE — This table 
ome properties of the particles that 
me or opposite in the corresponding 
Mass and isotopic spin are the 
charge, however (always provided 
'ged particle is being considered), 
jn; this is also true for the mag- 
^nt. In the case of an unstable par- 
:30n, for example), the particle and 
ticle have the same rate of decay. 
of the total isotopic spin remains 
but the third component of the 
n is opposite. It might seem from 
that the antiparticles are nothing 
the particles themselves with the 
charge changed. The real situation, 


however, is usually much more complex be- 
cause the structure of the particles is extremely 
complicated. The energy produced by the en- 
counter of these particles can also be very 
great, and it may be possible for each of the 
two photons to materialize again into an elec- 
tron-positron pair. For this to happen, how- 
ever, each of the photons must have at least 
as much energy as is needed to create the 
mass of an electron-positron pair. The chain 
of reactions that follows from this is called an 
electromagnetic cascade. 

In the mechanics of this annihilation, p is 
the momentum of the incoming positron and 
p’ and p" are the momenta of the two photons; 
therefore, p' + p" = p. 


The energy that is liberated in the annihila- 
tion of an electron-positron pair amounts to 
about 1 Mev. Two protons (positive and neg- 
ative) can also annihilate themselves in exactly 
the same manner as a pair of electrons. In this 
case, the quantity of energy liberated in the 
annihilation is much greater and amounts to 
about 2 Bev. A subsequent cascade is likewise 
produced. In addition, the antiparticles exist 
also in the case of neutral particles. For ex- 
ample, the neutron has an antineutron. In other 
cases, again, the neutral particle and its con- 
jugate have the same constitution; thus, it is 
its own antiparticle. A typical case of the latter 
situation is the neutral pi-meson. 
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tron, but an opposite charge, and corre- 
sponding to the second type of solution, 
is anticipated. Such a particle is called 
the antielectron, the positive electron, or 
more simply, the positron. The positron 
was discovered by the American physicist 
C. D. Anderson, who found traces of its 
existence in a Wilson cloud chamber. 
Other physicists later constructed an im- 
proved cloud chamber whose space was 
checked only when an ionizing particle 
was signaled as being near it or even in- 
side it. In other words, the chamber was 
sensitized only when some nuclear event 
was worth photographing. This created 
the possibility of photographing many 
positrons, and the new particle soon en- 
tered the ranks of the well-established 
ones. 

In general, Dirac’s equation predicts 
the existence of a large number of anti- 
particles, one for each particle. Thus, it 
becomes possible to speak of antimatter. 
If ordinary matter consists of particles, 
the antiparticles constitute something that 
can be called antimatter, 

Many antiparticles have subsequently 
been observed experimentally. The dis- 
covery of these antiparticles highlighted 
one of their fundamental characteristics: 
they annihilate themselves whenever they 
encounter the particles of which they are 
the conjugates. The particle-antiparticle 
pair annul their mass, transforming it 
into energy, and produce electromag- 


netic or other kinds of radiation. 

It follows, therefore, that the antipar- 
ticles—and, consequently, antimatter—are 
strongly unstable. While they can live 
indefinitely in a void, their life is ex- 
tremely short in matter, due to their rapid 
annihilation. This means that one can 
imagine a universe composed of anti- 
matter—a universe in which all the par- 
ticles making up atoms and nuclei are 
the conjugates of the ordinary particles. 
In such a universe of antimatter, or anti- 
universe, the antimatter would be stable: 
the ordinary particles, on the other hand, 
would be unstable. They would en- 
counter the antiparticles almost as soon 
as they were produced, and would be- 
come annihilated. The universe, which is 
made up of matter, thus appears only as 
a universe that has been chosen by chance 
to exist in the place of a universe of anti- 
matter. There appears to be no preferen- 
tial reason. why one type of universe 
should exist rather than the other; and 
the reason can, therefore, be nothing 
other than a random chance. 


ANTIMATTER AND 
ANTI-UNIVERSE 


This perfect symmetry of matter and 
antimatter, of universe and anti-universe, 
has led to speculation that in some re- 
mote corner of the universe there might 
exist celestial bodies made up of anti- 


THE ANNIHILATION OF ANTIMATTER—A pos- | | 


itron (antielectron) moving through ordinary 


matter will come close to an ordinary electron | | 
in other words, the | — 


and will annihilate itself 


rest mass of the two particles will become |. 
completely annulled and will be wholly trans- 
formed into a pair of photons (following the 
principle of equivalence between mass and | ` 
energy, E = mc?). It is not possible for the 


electron and positron to annihilate into a single 
photon, for this latter process can be shown 
to violate the conservation of energy and 
momentum. The annihilation, therefore, takes. 


the form of a transformation into a pair of | 


photons, each of which possesses half the rest 
energy of the original particles plus half of. 
such energy as they may have had at the mo- 
ment of their encounter. 


matter and separated from our own planet 
by vast reaches of empty space. Such an 
anti-universe would be perfectly stable 
and capable of existence because, ac- 
cording to this line of thought, it would 
be safely separated from the ordinary 
matter of the rest of the universe. 

An atom of antimatter would have a 
negatively charged nucleus composed of 
antiprotons and antineutrons surrounded 
by a cloud of positrons. In all its proper- 
ties except those depending directly on 
the reversal of charge and magnetism, it 
would be identical with, and just as sta- 
ble as, a normal atom of the same num- 
ber of protons and neutrons: its energy 
levels would be precisely the same, and 
all its spectral lines would, therefore, be 
indistinguishable from those of the nor- 
mal atom. 

However, this hypothesis, dictated by 
considerations of symmetry, is probably 
not valid. In the known universe—and 
even in the so-called empty space that is 
believed to exist between the galaxies— 
ordinary matter always exists in an ex- 
tremely rarefied state, This matter would 
be likely to encounter the antimatter of 
the antistars and would give rise to an- 
nihilations, producing intense emissions 
of energy capable of being recorded even 
on Earth, 

In addition, many considerations of an 
astrophysical nature tend to exclude the 
existence of such an anti-universe. 
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THE PRODUCTION OF ANTIPARTICLES—The 
antiparticles can be produced in different ways, 
depending on their particular type. For ex- 
ample, positrons can be produced by a gamma 
ray passing close to a nucleus. If this gamma 
Tay possesses sufficient energy, it will be ca- 
pee of materializing into an electron-positron 
air. 
If the ray is to materialize into a proton-anti- 


proton pair, the necessary energy must exceed 
an even higher threshold. The first successful 
experiments in this field were conducted by 
Chamberlain, Segrè, Wiegand, and Ypsilantis. 
The diagram shows the arrangement of the 
equipment with which the antiproton was dis- 
covered, In this equipment, D, and D, are the 
deflecting magnets; F, and F, are the focusing 
magnets; Sı, S+ and S, are scintillation count- 


ers, and C, and C, are Cherenkov counters. 
The counters S,, Sa, Sa and C, are in co- 
incidence, while C, is in anticoincidence. This 
arrangement ensures that the signals reaching 
S, are the ones produced by the antiproton. 

Results of the first measurements of the mass 
of the antiproton showed that the antiproton 
possessed a mass about equal to that of the 
proton. 
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AVOCADROS CON TAN | *" " 7 seo 


As the nineteenth century dawned, sci- 
entists such as the English chemist John 
Dalton and the French chemist J. L. Gay- 
Lussac—to mention but two—were taking 
giant steps in their quest to learn the se- 
crets of matter. Both men made impor- 
tant contributions to the knowledge of 
gases, but it remained for the Italian 
physicist Amedeo Avogadro ( Illustration 
2a) to translate their concepts into num- 
bers. 


Avogadro set out to learn how to de- 
termine the number of molecules in a 
certain quantity of matter. The result 
was a hypothesis stating that under iden- 
tical conditions, equal volumes of gases 
contain the same number of molecules. 
As one writer saw it: “This hypothesis . . . 
became the very cornerstone of modern 
chemistry. Every advance after that time 
in one way or another provided fresh evi- 
dence of its truth, so much so that it be- 


came customary to refer to sgadro’s 
law." 

The number of molecules i e gram- 
molecule—or mole (the mole« — : weight 
of a substance in grams)—i: iversally 
known today as Avogadro's œ ant, and 
is represented by the symbo! 

The accompanying illus; ons are 
aids to understanding Avo; o's con- 
stant and how its precise ve > can be 
determined. 

A CHARACTERISTIC OF CHEM >L REAC- 
TIONS—Toward the end of the eio «enth cen- 
tury, the English chemist John iton con- 
cluded that chemical reactions ok place 
between substances that were Je up of 
minute particles, and that these p sles com- 
bined together in proportions of and one, 
or one and two, or one and ti and so 


forth. This conclusion meant the old 


atomic theory first put forward he Greek 
philosophers had to be taken v jain. This. 
theory was later perfected by m : of addi- 
tions that had been suggested b th experi- 
ence and the detailed study of : chemical 
reactions took place. It had hy seen that 
when substances in the gaseous ə reacted 
with each other to form a ceri: uantity of 
a final substance, the volumet: roportions 
of the reacting gases could : /5 be ex- 
pressed in terms of simple inte numbers. 
For example, to form water vapc m hydro- 
gen and oxygen requires a rea : between 
a certain volume of oxygen « -> twice that 
volume of hydrogen. The result this reac- 
tion is a volume of water vapor t = is exactly 
double the volume of the oxygen ‘i:t had been 


available in the beginning (Illustr: 1a). This 
fact is further clarified by supposing that the 
gases are composed of identice! molecules 
(Illustration 1b) that combine with each other 
in the proportions of one and one, one and 
two, and so forth. In the reaction between 
oxygen and hydrogen, both the original gases 
are diatomic (that is, each of their molecules 
consists of a pair of atoms) and each atom of 
oxygen combines with two atoms of hydrogen 
to form a molecule of H;O. Relatively small 
molecules such as those of hydrogen, mole- 
cules of intermediate dimensions such as those 
of oxygen, and even larger molecules of water 
vapor—all occupy the same volume when they 
are present in equal numbers. Except for the 
inert gases, all gaseous substances can com- 
bine with each other, always obeying this law: 
equal volumes of different gases under identi- 
cal conditions of temperature and pressure 
contain the same number of molecules. This 
is generally known as Avogadro's law. 


10'5 CONSTANT—Avogadro's law 
terpreted rather easily by means of a 
the ideal gas. All real gases under 
conditions (standard atmospheric 
and a temperature of 20? C) possess 
that are rather distant from one an- 
space occupied by ideal molecules 
by real molecules, which are quite 
them) is always very small when 
d with the total volume of the gas—so 
no difference if the molecules are 
small. 
ompty receptacle is filled with a cer- 
;ber of molecules and the whole sys- 
ven brought to a certain temperature, 
»cules will arrange themselves in a 
that depends on their characteristics 
way in which they move and collide 
h other, but not on their individual 
(Illustrations 2a, 2b, and 2c). 
many molecules may be contained in 
volume of gas? The volume could be 
centimeter, a cubic millimeter, or a 
ter; but it is preferable to adopt an- 
nit of volume when determining the 
of molecules it can accommodate. 
ye of this unit of volume is once again 
ed by a chemical fact: with rare ex- 
all elements react with one another 
proportions (referring to the number 
). This makes it desirable to evaluate 
jhts of the individual elements in such 
hat it is easy to evaluate the weights 
»mpounds obtained from the reactions. 
Jed that the chemical reactions are not 
plex, observation of the way in which 


they take place reveals, in practice, the pro- 
portions in which the participating atoms 
combine and the ratio of the weights of the 
individual atoms. For example, simple weigh- 
ing shows that 16 g of oxygen combine with 
2 g of hydrogen to form 18 g of water. Because 
it is known that two atoms of hydrogen com- 
bine with one atom of oxygen, an atom of 
oxygen must weigh exactly 16 times more than 
an atom of hydrogen. (More accurate weigh- 
ings establish a more exact ratio—16:1.008.) 

Combining the elements in all possible ways 
reveals that hydrogen weighs relatively less 
than all the other elements—or, conversely, 
that the others weigh twice as much, three 
times as much, and so forth, as hydrogen. 
For chemical purposes, hydrogen is assigned 
a weight of 1, the basic weight. The weights 
of other elements are multiples of this unit 
weight. (In practice, 1/12 of the weight of 
carbon is used as a unit weight, a fact not 
germane to this discussion.) 

Using the weight of hydrogen as the basic 
weight makes it convenient to determine how 
many molecules may be contained in 2 g of 
hydrogen, in 32 g of oxygen, in 12 g of carbon, 
or in 238 g of uranium. In elements in the 
gaseous state, the volume occupied by this 
number of grams of the substances (within the 
limits in which gases behave as real gases) 
will always be 22.414 liters. The number of 
molecules contained within this volume under 
standard conditions of temperature and pres- 
sure is expressed by Avogadro's constant, 
represented by the symbol N. 
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A METHOD FOR DETERMINING AVOGADRO'S 
CONSTANT—Avogadro's constant is a part of 
a large number of formulas; hence, if all the 
quantities other than Avogadro's constant can 
be measured by any one of these formulas, the 
constant can be obtained by means of mathe- 
matical calculation. There are, therefore, many 
ways of determining the constant, some of 
them interesting only from a conceptual or 
theoretical point of view because they demon- 
strate how this important physical constant can 
be calculated by means of the most diverse 
experiments. Other methods are more impor- 
tant because they enable scientists to deter- 


b D? 


mine this constant with great precision. One 
of the methods that presents no difficulties 
from the experimental point of view consists 
of making an accurate measurement of the 
charge of the electron and involves passing an 
electric current through solutions of salts (u- 
lustration 3a). A solution of a silver salt (silver 
nitrate, for example) is placed in a receptacle 
and two electrodes (two blocks of graphite, 
for example) are immersed in the solution. 
When the electrodes are connected to a battery 
or to some other generator of an electric po- 
tential, a current passes through the solution 
and the silver cations (positively charged ions) 


in solution collect on the catho: he silver 
in the solution is not present i: 3 form of 
neutral atoms. Because each « has lost 
an electron, each atom is a positi n (cation) 
that moves toward the negative e »de (cath- 
ode). All the electric current pé } through 
the solution is transported by t! 1s, which 
migrate slowly toward the catho Jne elec- 
tron is liberated for every silver that mi- 
grates toward the cathode (Illustr 1 3b). The 
current is allowed to pass for a it is then 
stopped for a measurement of h nuch cur- 
rent has passed and for how lor lustration 
3c). The product of the current the time 
of flow is equal to the charge | has been 
transported (q = it) by the silver ms. If, for 
example, a current of 1 A (amper 4s passed 
for 24,125 sec (slightly more |) 6 hours), 
24,125 coulombs have passed thro.) the solu- 
tion. Because 1 coulomb represen ‘he charge 
of about 6.25 x 10'^ electrons number 
of electrons that have passed ough the 
solution is 6.25 x 10'^ x 2.4125 *z3151 
X 10% electrons. The number ilver ions 
can be determined easily. The à: ! of silver 
that has collected on the ele: e weighs 
about 28 g (Illustration 3d), a er of the 
weight that combines with 1 9 hydrogen 
or with 8 g of oxygen (lllust: 3e). In 
fact, two atoms of silver will ibine with 
one atom of oxygen. Therefor: » number 
determined by the experiment {vounts to 
exactly one fourth of Avogadro onstant N 
and the value of N must be 6.04 9?*, A far 
more accurate value for Avoga: constant 
is used today: 6.02257 (with a y error of 
+ 22 on the last two digits) x 1 

The various methods of deter: 1g Avoga- 
dro's constant yield different resu!'-; neverthe- 
less, it is important to evaluate all these 
methods because some of them y «id a value 
that errs by excess (+ 35, for example) or by 
defect (— 19, for example). An average value 


must be obtained by taking into account all the 
deviations caused by the different experimental 
methods employed. 
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A ca* «ter finds it relatively simple to 
cut : ward to proper length. He either 
mark ^e board as he holds it to the 
spac to fit, or he measures the space 
and sfers the measurement to the 
boar either case, he is using a simple, 
dire: ıd visual method. 

Se sts often cannot rely on such 


direc easurement. To measure that 
whic! ihey cannot see, they must turn 
to inc ct methods, using more than one 
mear: order to check the results against 
each her and ensure the greatest ac- 
cura 

M. is not yet able to count the atoms 
inn r one by one as one might count 
bea a bag. They can be counted, 
hoy by various methods that lead 
ulti) ly to Avogadro’s constant. This 
cor t represents the number of mole- 
cuk one gram-molecule—the molec- 


ula: ight of a substance in grams, 
call. ;e mole. 
lhe measurement of electrolytic phe- 


non ^ is one method of determining 
Avon ivo’s constant; however, the two 
mo portant methods, each completely 
ind ident of the other, are based re- 
sper vely on the measurement of radio- 
acti and on x-ray diffraction. 


The radioactive disintegration method is 
important because it is practically the 
only one that makes it possible to evalu- 
ate Avogadro’s constant by directly count- 
ing the number of atoms. 

First, it is necessary to have a certain 
weight of a radioactive substance—1 gram 
of radium, for example. The atomic 
weight of radium can be ascertained by 
means of chemical experiments, observ- 
ing the proportions in which radium com- 
bines with other substances of known 
atomic weight. This method shows that 
the atomic weight of radium is 226, which 
means that the radium sample is only 
1/296 of a gram-atomic weight and that 
the number of atoms in the sample is 
equal to 1/226 of Avogadro's constant. 

Radium disintegrates because the nu- 
elei of its atoms are not stable. Periodi- 
cally one of these nuclei emits an alpha 
particle, a fragment of the nucleus con- 
sisting of two protons and two neutrons. 
Whenever a nucleus undergoes disinte- 


‘TERMINATION OF 
A /OGADROS CONSTANT 


gration and violently emits an alpha par- 
ticle (and possibly other radiation as 
well), these particles are easily detected 
by instruments placed around the radium 
sample. One such instrument particularly 
suited for detecting the presence of alpha 
particles is the ionization chamber. 

The next step in the radioactive disin- 
tegration method is to measure how 
many particles are emitted by the radium 
and what weight they have. A sample of 
radium is placed in an ionization cham- 
ber for the purpose of counting the num- 
ber of particles that are emitted in a unit 
of time. (In actual practice no ionization 
chamber would succeed in detecting all 
the alpha particles that are emitted by 1 
g of radium. The measurement is usually 
carried out on a much smaller quantity 
—a millionth or a billionth part of a gram, 
for example—but it is still possible to 
establish indirectly how many particles 
1 g of radium emits in 1 second.) 

Every second the 1 g sample of radium 
gives rise to as many as 3.7 X 10'^ atoms 
of a new element, the noble gas radon. 
The atomic weight of radon is 222, four 
mass units less than the atomic weight of 
radium. To arrive at Avogadro's constant 
it is necessary to determine what weight 
of radon is formed in the same time in 
which a certain number of disintegra- 
tions are counted. 

The atoms of radon are formed at the 
same rhythm as that with which the ra- 
dium atoms disintegrate, which makes it 
sufficient to measure the disintegration 
speed of the radium. The radon formed 
by the disintegration is collected and, 
after a certain period of time, weighed. 
This weight is a known fraction of the 
gram-atomic weight of radon. In a sense, 
the atoms have been counted one by one, 
yielding Avogadro's constant. The method 
described may also be used to determine 
how many radon particles are emitted in 
a given time. 

In theory the constant can also be de- 
termined by weighing the radium, rather 
than the atoms of radon, and determining 
how much weight the radium has lost. 
This method is not practical because ra- 
dium disintegrates very slowly, making 
it impossible to determine the loss of 
weight with sufficient accuracy in a short 
period of time. 

The most practical way of determining 
Avogadro's constant with the alpha count 


counting atoms 
one by one 


method involves measuring the volume 
of helium produced in a certain period 
of time by a given quantity of radium. 
The helium is formed by the alpha par- 
ticles, which acquire two electrons and 
are transformed into helium atoms. This 
volume of helium is made up of a num- 
ber of atoms equal to the number of al- 
pha particles that have been emitted in 
the particular time period. This number 
can be easily and accurately calculated 
if the quantity of radium with which the 
experiment started, the interval of time, 
and the number of alpha particles emitted 
in 1 second by 1 g of radium, are known. 
One gram-atomic weight of a mono- 
atomic gas such as helium occupies a 
volume of 22.414 liters under normal con- 
ditions of temperature and pressure. The 
number of atoms contained in this volume 
(Avogadro's constant) can be obtained 
by means of a simple proportion because 
the number of helium atoms contained in 
an accurately measured volume has al- 
ready been determined by the counting 
procedure previously described. 
Measuring the helium formed by the 
alpha particles is preferable to measuring 
the radon because radon is radioactive 
and is subject to further disintegration. 


CRITIQUE OF THE 
EXPERIMENTS 


The radioactive disintegration method 
a^d the x-ray diffraction method of de- 
termining Avogadro's constant both can 
involve considerable inaccuracies. In mea- 
suring the radioactivity it is not always 
possible to know the exact number of 
alpha particles that are emitted. The par- 
ticles often arrive at the counter in pairs, 
each of which is recorded as one. To 
avoid this problem would require choos- 
ing a radioactive source that emits par- 
ticles at a slower rate—one that is only 
very slightly radioactive. However, this 
would limit the accuracy in weighing the 
small quantity of material obtained. 

The crystallographic method (ex- 
plained in the accompanying illustra- 
tions) has a number of advantages, but is 
subject to two sources of inaccuracy. 
First, it is impossible to know the exact 
wavelength of the x-rays employed. Sec- 
ond, it is difficult to obtain an exact value 
of the density of the specimen of sodium 
chloride involved. 
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THE X-RAY DIFFRACTION METHOD — This 
method, conceptually as simple as the one 
based on the measurement of radioactivity, 
is based on the fact that the atoms in matter 
are arranged in a regular pattern. If the di 
tances between atoms are known, it is possible 
to determine how many atoms are contained 
in a certain volume. Knowing the weight of the 
volume on which the experiment is being car- 
tied out makes it possible to calculate the 
number of atoms per unit weight. Furthermore, 
knowing the molecular weight of the substance 
makes it possible to determine the number of 
atoms in an amount of the substance whose 
weight in grams is equal to the molecular 
weight. The number of atoms in one gram- 
molecular weight is Avogadro’s constant. The 
experiment is carried out in this way: 

The parallelepiped in Illustration 1a is a crys- 
tal of rock salt (sodium chloride). Inside the 
crystal the atoms are arranged at the nodes of 
a cubic lattice in such a way that atoms of 
sodium and atoms of chlorine are alternately 
located along any one line of the lattice. The 
x-rays make it possible to measure the dis- 
tances at which the atoms of sodium and the 
atoms of chlorine are found. 

A small cube of rock salt in which the pres- 
ence of atoms can be seen is shown in Illus- 
tration 1b. The cube is illuminated by a thin 
beam of x-rays, all of the same wavelength; 
that is, a monochromatic beam that is analo- 
gous to a beam of light of a single color. X-rays 
penetrate matter, and they pass through the 
cube of rock salt after striking it obliquely. A 
small part of the beam strikes individual atoms 
of sodium and chlorine and becomes diffused 
around them. 

If the x-rays are made to strike a flat face 
of the cube in such a way that they form a par- 
ticular angle, the rays will be reflected with a 
certain intensity, The angle formed by the x- 
rays and the face of the crystal must be such 
that the x-rays reflected by a plane of atoms 
and the plane behind it are forced to travel 
along two paths whose difference in length is 
equal to the wavelength of the rays or a multi- 
ple of the wavelength. Illustration 1c shows 
this situation: if the inclination is correct, the 
waves that emerge from a position near the 
different layers will be superposed in an ad- 
ditive manner. 

As shown in Illustration 1d, the value of the 
angle at which the phenomenon of the en- 
hanced reflection occurs, a, depends on two 
characteristics of the experiment: the wave- 
length of the x-rays A, and the distance be- 
tween the layers of atoms d. If the wavelength 
of the x-rays is accurately known, the angle of 
incidence can be accurately measured by 
means of a goniometer, which makes it pos- 
sible to calculate the distance between the 
planes on which the atoms are arranged in the 
crystal. 

The crystal with a cubic structure (Illustration 
1e) has sides that are 1 cm long. Measure- 
ment by x-rays shows that the distance be- 
tween the atoms in rock salt is 2.816 A (Ang- 
stroms). This means that there are 3.55 x 107 
(tens of millions) atoms in one side. The crystal 
will contain a number: of atoms equal to the 
cube of this number. (3.55 x 107? = 44.8 x 
10?' atoms. The weight of a number of mole- 
cules of sodium chloride equal to Avogadro's 
constant is 58.45. The cube of rock salt weighs 
only 2.165 g and contains exactly 27 times 
fewer molecules than one mole. Therefore, in 
one mole of sodium chloride there are 27 x 
44.8 X 10?' = 12.09 x 107? atoms. Because a 
molecule of rock salt is diatomic—it contains 
one atom of sodium and one of chlorine—the 
above number must be divided by two in order 

to obtain Avogadro's constant. The figure ob- 
tained is 6.04 x 10?? atoms. 
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CHANGES OF STATE | 


It is interesting to study how matter 
changes its state, from solid to liquid or 
gas, from liquid to solid or gas, and from 
gas to liquid or solid. Examples of these 
changes are the thawing of ice (solid to 
liquid), the evaporating of water (liquid 
to gas), and the condensation of dew 
(gas to liquid), The questions arise: What 
causes these changes? What happens to 
the atoms of a solid, a gas, or a liquid 
when these changes occur? 

Most substances are composed of mole- 
cules comprising atoms of different ele- 
ments, In order to study what happens 
to such molecules during a change of 
state, it is useful first to examine sub- 
stances that are composed of molecules 
of a single element, Inasmuch as the 
changes of state occur in an analogous 
manner, whether the molecules involved 
are composed of atoms of a single ele- 
ment or of different elements, it does not 
limit the study of changes of state if that 
study is confined to the former kind of 
molecules, such as those of pure metals 
gold, copper, or aluminum—rather than 
the latter kind of molecules, such as those 
of water or salt (sodium chloride). 

Moreover, in order to understand the 
phenomenon of changes of state, it is im- 
portant to review some simple facts about 
atomic structure—facts that, although ex- 
tremely important, are not usually well 
known, 


THE STRUCTURE OF THE ATOM 


Every atom consists of a heavy nucleus 
with one or more positive electrical 
charges in its center and a number of 
rather light, negatively charged particles 
(electrons) in orbit around the nucleus, 
The total structure is somewhat compar- 
able to the sun with its orbiting planets, 
The number of orbiting electrons is iden- 
tical to the number of Positively charged 
particles (protons) in the nucleus, 

The simplest of all atoms, that of hy- 
drogen, is shown in Illustration 1; its 
nucleus has a single positively charged 
proton around which orbits a single neg- 
atively charged electron, Although the 
structure of an atom cannot be accurately 
represented by any familiar image (such 
as that of the solar system), it is useful 
for the present study to suppose that the 


1 


THE HYDROGEN ATOM—The hydrogen atom 
is represented here with the size of the proton 
deliberately exaggerated. Around the proton, 
which constitutes the nucleus, is shown a 
colored cloud; the intensity of the color rep- 
resents the probability of the activity of the 
electron at any point within this area, 


hydrogen atom consists of a positively 
charged central sphere (the nucleus), 
surrounded by a sphere in which the 


the changes of molecules in 
changing from solid to liquid to gas 


negatively charged electron m: 

When seen from outside an. 
tance, the atom would app: « 
single, neutral entity, witho: 


charge. Actually, however, 
in exact balance, both posit 
ative charges. 


ATTRACTIVE FORCE V 
THE ATOM 


In Illustration 2, the nuc! 
electron of a hydrogen ato: 


sented as linked by lines ii 


lines of force. If a charged : 
to appear at any point along 
lines, it would be subject to 
in the direction of the linc 


appeared, that is, in the : 


either the nucleus or the cl 


the lines of force pass betw: 


cleus and the electron. 


THE ELECTRIC FIELD OF THE HYDROGEN 
ATOM—The electric field between two oppo- 
Sitely charged particles exercises a force on 
any other charged particle that may appear 
between them; this force always acts in the 
direction of the lines of force that join the 
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1e circle represents the orbit of 


the « on around the nucleus. The 
elect ic attraction exercised beyond 
this « »y the atomic particles is negli- 
gibl within the space defined by 
this the attraction is strong. Pene- 
trati the space within the orbit de- 
stroy structure of the atom. 

AT’ TIVE FORCE 

BE N ATOMS 

If t ns are at a great distance from 
eacl no measurable force is exer- 
cise een them (Illustration 3a). 
(In ontext, a great distance must 
be tood as relative to the diameter 
of t bit of the outermost electron of 
eac i.) However, if the distance be- 
twe two atoms is only slightly 
gre in the diameters of the outer- 
mo tron orbits, the atoms will ex- 
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THE TRACTION BETWEEN ATOMS—No 
me: ble force is exercised between two 
ato! vat are far apart (Illustration 3a). Two 
atom: that are near each other attract each 
other (Illustration 3b). Two atoms that are 
Cor repel each other (Illustration 3c). 
ercise a weak electrostatic attraction on 


each other (Illustration 3b). 
Furthermore, if the two atoms are 
brought still closer together so that the 
spacing between them is less than one di- 
ameter (Illustration 3c), their outermost 
electrons will be forced to make changes 
in their orbits and to follow paths that 
are neither circular nor elliptical-but 
distorted. This change in orbits will re- 
sult in a repulsion between the two atoms, 
and that repulsive force will exceed the 
attractive force that existed before the 
atoms were moved into close proximity. 


THE HEATING OF A LIQUID—The illustration 
shows the atoms of a liquid (on the right) 
coming in contact with the atoms of the 
container (left). The container is hot; there- 
fore, its atoms are agitated and vibrate within 
their fixed positions. Those in contact with 
the atoms of the liquid accelerate the latter 


THE EFFECT OF HEAT 


An increased movement of atoms results 
in the phenomenon of heat. Illustration 4 
shows the arrangement of atoms in a 
liquid (the spheres on the right) that has 
just been placed in a container (those on 
the left). The container is hot and the 
liquid is cold. The atoms of the container 
are strongly agitated; although they al- 
ways occupy a fixed position in relation 
to one another, they vibrate in that posi- 
tion and collide with one another in do- 
ing so. Each atom possesses about the 
same amount of energy, depending on 
the temperature of the container. As for 
the atoms of the liquid in the container, 
they are also agitated, but less so than 
those of the container itself. 


and agitate them. This at first affects only 
the atoms in direct contact with the atoms of 
the container; but the agitation spreads among 
the atoms of the liquid, and eventually all the 
atoms have the same energy, at which point 
the liquid becomes uniformly heated. 


However, when the atoms of the liquid 
come in contact with those of the con- 
tainer, the former are accelerated by im- 
pact with the latter, and their agitation 
increases. The first atoms so affected will 
be the liquid atoms in direct contact with 
the container atoms, The agitated liquid 
atoms will then collide with nearby atoms 
in the liquid and transmit the energy re- 
ceived from the container atoms. The 
agitation will spread, as heat, among the 
atoms of the remainder of the liquid, 
until all of these have the same amount 
of energy as the container atoms. 

When considering an object that is be- 
ing heated, it must be understood that its 
atoms are undergoing an increasing speed 
of agitation; the hotter the object, the 
more rapid the motion of its atoms. To 
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THE CHANGES OF STATE—The change from 
solid to liquid is called liquefaction or melting. 
The reverse change, from liquid to solid, is 
called solidification or, sometimes, freezing. 


The change from liquid to gas is called evap- 
oration, and the reverse process is called 
condensation. It is possible for a solid to 
change to a gas without melting; this is known 


sublimation 


solidification 


or freezing 


increase the speed of motion of the atoms, 
the object is placed in contact with an- 
other object with more agitated atoms. 

The understanding of these facts makes 
it possible to discuss the phenomenon of 
changes of state. 


MELTING OF SOLIDS 


Melting is best understood by examining 
the structure of a solid and the arrange- 
ment of its atoms. 

Each atom of a solid is in a fixed posi- 
tion, capable of moving only by vibrating 
within that position (Illustration 6a). 
The atoms cannot move from this fixed 
position because they are contiguous to 
each other and are, therefore, subject to 
forces operative at such short range. An 
atom in the center of the group depicted 
here is attracted with equal force to each 
of the atoms surrounding it. But an atom 
on the surface of this group, although 
bound by the force of all the atoms con- 
tiguous to it, is not surrounded by atoms 
on all sides. If energy is applied, such 
an atom may be detached from the forces 

that bind it on all the other sides. 
This is precisely what is involved in 


as sublimation. The reverse process, from gas 
to solid, also occurs and may be called either 
solidification or sublimation. 


condensation 


A evaporation f 


solidification or sublimation 


THE ATOMS OF A SOLID—In a solid, the 
atoms are arranged in a regular pattern and 
in fixed positions, within which they vibrate 
with little motion (Illustration 6a). The atoms 
of a solid may be imagined as small spheres 
bound to each other at the bottom of a con- 
tainer with inclined sides (Illustration 6b). 
Melting can be imagined as the dissolution 
of the bonds that unite the little spheres, 
which then remain free to move about at the 
bottom of the container. 


the melting or liquefaction of a solid. It 
must be heated; that is, the atoms that 
compose it must be subjected to addi- 
tional energy so that they may be agi- 
tated at greater speed. But each atom at 
the surface must be detached, and 
enough energy must be supplied to per- 


form the work involved in detaching the 
surface atoms. 

Thus melting or liquefaction can be 
represented (Illustration 6b) as 1m- 
creased agitation of the atoms, enabling 
them to break the bonds that fix them in 
the structure and thus to release them: 


EVAPORATION OF LIQUIDS 


The «toms of a liquid (Illustration 7a) 
move ith greater speed than those of 
a soli: and do not occupy a fixed posi- 
tion. “wy are still influenced by the 
foree | attraction that atoms exert on 
each ver, but these forces are weaker 
in a ud than in a solid because the 
atom ‘a solid are farther apart. The 


for e strong enough to maintain a 
volume, but not strong enough 


con: 
to fi shape of the volume. The shape 
is d. ined by the container—the atoms 
mal ip the liquid are pulled to the 
lov rtion of the container by gravity. 
The is close to the surface are bound 
by ; that attract them toward the 


inte nuch like those of a solid. 

1 'ation—changing from the liquid 
to seous state—results when atoms 
an iched from the surface of the 
lic process that requires the appli- 


e: Í energy to the liquid. 
I liquid represented in Illustration 
7 distance between the atoms is 
fai wall; they maintain this average 
di as they move about, but each 
ati in reach any point within the 
co er until it receives sufficient en- 
er ' rise to the surface and cross the 
rj ! a gas is cooled, its atoms are 
sk down; this results in condensation 
ing from the gaseous to the liquid 
st iœ reverse of evaporation. If the 


a ! the gas move about slowly, they 
t | approaching each other, to be- 
[ bject to the short-range forces of 
at between atoms, The result is 


t nation of a drop of liquid that at- 
tracis nearby atoms and increases in size 
at the expense of the volume of gas, 
which, of course, decreases. 


CONDENSATION AND 
SUBLIMATION OF GASES 


The average distance between the atoms 
of a gas is great enough to ensure that 
their reciprocal attractions are weaker 
than the forces of repulsion that result 
from their collisions. Therefore, they 
tend to move as far as possible from each 
other, and the volume of the gas is not 
confined by any obstacle to its expansion 
(Illustration 8a) except the walls of the 
container, The atoms are still affected by 
gravity, but they are moving so rapidly 
that they do not have an opportunity to 
collect in the lower portion of the con- 
tainer, as do the atoms in a liquid. A 
Eas may be represented by a group of 
Spheres in a box (Illustration 8b). The 
atoms are free to move about within the 
box and to move away from each other 
unhindered; the walls of the box, how- 


THE ATOMS OF A LIQUID—These atoms (II- 


lustration 7a) are somewhat farther apart than 
those of a solid; they move more rapidly, and 
do not occupy a fixed position. A container 
with inclined sides and small spheres moving 
about on its flat bottom constitutes a model 
of a liquid (Illustration 7b). For evaporation to 
take place, the spheres must have enough 
energy to enable them to rise from the bottom 
of the container. 


THE ATOMS OF A GAS—These atoms are 
widely separated and attract each other quite 
weakly (Illustration 8a). The gas is represented 
by spheres in a box, free to move about and 
away from each other (Illustration 8b). 


ever, which correspond to the walls of 
a container, keep the atoms confined. 

In order for a gas to condense into a 
liquid or to sublime into a solid, the 
atoms must first be slowed down to such 
an extent that, when they approach one 
another and collide, the attractive forces 
exercised between atoms at short range 
will either keep them at the distance 
characteristic of a liquid or at the dis- 
tance and in the fixed position character- 
istic of a solid. 


THE TEMPERATURES 
OF CHANGE 


The temperatures at which changes of 
state occur depend on the velocities that 
the atoms (and the molecules) must at- 
tain in order to be able to detach them- 


selves from the structures they form, or 
to which they must be slowed down in 
order to become bound together to form 


such structures. These temperatures, 
which depend on the mass of the atoms 
themselves and on the forces they exer- 
cise on each other, indicate the intensity 
of the bonds between the atoms and, 
therefore, their capacity to remain bound 
together, whether as gases, liquids, or 
solids. 

Changes of state occur in a precipitous 
fashion as temperature is varied. For ex- 
ample, if H:O is at —0.01? C, slightly 
below the "transition temperature," it is 
ice. If the temperature is raised slightly, 
to 0.01? C, a totally different state results 
—water. The exact mechanism by which 
this change of state takes place still puz- 
zles scientists today. 
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CRITICAL TEMPERATURE | 


Early nineteenth-century scientists could 
convert most gases into liquid form by 
compressing them, but they could not 
understand why some gases did not liq- 
uefy even when subjected to enormous 
pressure. These seemingly defiant gases, 
called incompressible or permanent, in- 
clude such important ones as hydrogen, 
oxygen, nitrogen, and helium. 


Around 1880 the Irish chemist Thomas 
Andrews was able to show that for gases 
in general there is a temperature above 
which they do not liquefy, regardless of 
the pressure to which they are subjected. 
This is the critical temperature (T.), 
above which any substance will exist only 
in a gaseous state, and each substance 
has its characteristic critical tempera- 


the frontier between 
two states 


ture. As most gases are compressed or 
cooled, their molecules move closer to- 
gether. The intermolecular forces of at- 
traction change the random arrangement 
of the gas molecules to the more orderly. 
arrangement of the molecules in a liquid. 
Thus, the critical temperature of a sub- 
stance depends upon the degree of at- 
traction between its molecules. 


STEAM JET—An example of a gas turning 
into liquid at less than critical pressure is 
steam, which condenses into droplets of water 


L 


on any surface that has a temperature lower 
than that of the steam. But some gases, called 
incompressible gases, do not liquefy even 


when subjected to very high pressures. A 
high-pressure steam jet is shown. 


W a polar substance having ex- 
trem trong forces of attraction be- 
twe nolecules. It can remain liquid 
at i atures up to 374°C (about 
705 very high critical tempera- 
tur elium the forces of molecular 
att are very weak. Helium must 
be to —267.9° C (about —450° F) 
to | At that low temperature the 
mol are moving extremely slowly, 
and sure of only 2.26 atmospheres 
(cri 'ssure) will liquefy helium. 

I! n 3 shows the behavior of 
carl xide, CO», when temperature 
is « t, and pressure and volume 
vat graph shows a series of curves 
alon ich the temperature remains 
un l; these are isothermic curves, 
or is s. The lowermost curve shows 
at ure of —18.1? C (about 0? F). 
Be; from the right, where the val- 
ues ume are high, the curve rises 
slo ause small increases in pres- 
sur ifficient to cause large con- 
trac ì volume. At point A, although 
vol itinues to diminish, pressure 
rem nstant and the curve becomes 
a st line and perfectly horizontal. 
Car} oxide begins to liquefy at point 
Aa juefied completely at point C. 
Fro: point on, because only liquid 
is p: small contractions in volume 


mear rmous increases in pressure, a 
char stic typical of liquids that are 
extremely hard to compress. The curve 
then seems to rise almost parallel to the 
vertical axis. The isotherms, which rep- 
resent changes in volume and pressure, 
for higher temperatures will behave in 
à similar way, even if the horizontal 
stretch of the curve becomes shorter. 

In Illustration 3, the isotherm of 
31.1°C (about 88? F) has a horizontal 
stretch reduced to a single point, K. 
Point K is the critical point, which is the 
point of critical temperature, critical 
pressure, and critical volume. At tem- 
peratures above 31.1? C, it is no longer 
possible to liquefy carbon dioxide. Higher 
isotherms show that the curve never be- 


ANDREWS CURVE—This graph shows the be- 
havior of carbon dioxide when pressure and 
volume are varied at specific constant tem- 
peratures. The two lowermost curves include 
a rectilinear stretch between the point where 
liquefaction begins and the point where lique- 
faction is complete. (On the isotherm of 
31.1? C, this stretch is reduced to the single 
point, K.) The curve joining all the points at 
the beginning and end of liquefaction forms 
the Andrews curve. The space enclosed by 
the Andrews curve (area Ill) represents satu- 
rated vapor, the gas with its liquid. 


VAPOR TENSION—A cylinder containing liq- 
uid chloroform has been placed under a bell- 
shaped glass cover (Illustration 4a). The level 
of the chloroform falls (Illustration 4b) because 
molecules have passed from the liquid into 
the surrounding space, saturating the space. 
The molecules present as gas exert a pressure 
that is called vapor pressure. 


LIQUID NITROGEN—Liquid nitrogen is being 
poured from its container. Nitrogen is a gas 
that liquefies at —180° C (—292? F). 


2 


comes horizontal, but tends toward the 
shape of curves for ideal gases as set 
forth in Boyle’s law. Joining the points 
representing the beginning and end of 
liquefaction produces an Andrews curve 
that divides the graph into four areas, 
each representing a different state of 
carbon dioxide. The first area (I), above 
the critical 31.1° isotherm, represents the 
carbon dioxide that does not become liq- 


pressure 
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VAPORIZATION IN A VACUUM—An ordinary 
barometer is the simplest instrument for mea- 
suring vapor tension (see below). 


uid and is a gas. The second area (II), 
whose upper boundary is the critical iso- 
therm and the righthand branch of the 
Andrews curve, represents unsaturated 
gas that can be liquefied by compression. 
The third area (III), enclosed by the 
Andrews curve, represents saturated gas. 
The fourth area (IV) represents liquid 
carbon dioxide. 

Along the horizontal stretch of the 
isotherm between A and C the carbon 
dioxide exists in both gaseous and liquid 
state. Because the line AC is parallel to 
the axis showing volume, pressure is con- 
stant and the gas and liquid are present 
independently of their relative propor- 
tions. The pressure of a gas when it co- 
exists with its liquid is called the vapor 
pressure of the liquid at a given tem- 
perature. Illustration 4 shows a cylinder 
containing liquid chloroform under a 
bell-shaped glass cover. The level of the 
choloroform will drop because the liquid 
contains molecules with enough kinetic 
energy to escape and to vaporize. The 
first move, therefore, is from the liquid 
to the surrounding space. Because the 
space is not very large, any increase in 


LINDE MACHINES—A Linde machine, shown 
here in a large industrial complex, is most 
commonly used to liquefy air. Developed in 


the concentration of molecules escaping 
from the liquid means an increase in the 
probability that the liquid will reabsorb 
some of them. At some moment, the rate 
at which the molecules are escaping 
from the liquid will be equal to the rate 
at which they are being reabsorbed. Al- 
though there is no visible indication of 
it, the system is not at rest because mole- 
cules are moving continually in both di- 
rections. The equilibrium is dynamic 
rather than static. 

The molecules present in the gaseous 
phase clearly exert some pressure, which 
is the vapor pressure. This pressure 
varies according to the temperature and 
the nature of the liquid. Increasing the 
temperature of a liquid increases the 
average kinetic energy of the molecules 
and increases the number of molecules 
that reach a threshold of energy high 
enough to cause them to escape from 
the liquid and to vaporize. When the 
temperature rises, the vapor pressure 
rises. 

The nature of a liquid has considerable 
bearing on its vapor pressure. In water, 
the forces of molecular attraction are so 


1874 by the German engineer, von Linde, 
this method is still used in m | research 
into the physics of low temper s. 
strong that it is difficult for »olecules 
to escape; the vapor press: s low. In 
liquids such as chloroform forces of 
molecular attraction are very weak, and 
a large number of molecules escape into 
gas; the vapor pressure is h 

An ordinary mercury barometer (Illus- 
tration 5a) can be used to measure vapor 
pressure. À glass tube with onc end closed 


is filled with mercury, then turned upside 
down in a small pan also filled with mer- 
cury. The mercury in the tube falls, and 
the distance it falls reflects the atmo- 
spheric pressure. Above the mercury in 
the tube is a vacuum. A few drops of an- 
other liquid are introduced into the tube 
from below. Because most liquids are 
lighter than mercury, the liquid rises as 
far as the vacuum, and there the liquid 
evaporates, causing the vapor in the 
vacuum to become saturated. This exerts 
pressure on the column of mercury, caus- 
ing the column to fall in proportion to 
the force exerted on it. The distance that 
the mercury column falls reflects the 
vapor pressure of the liquid at the tem- 
perature at which it was measured (see 
Illustration 5b). 


BOILING AND 
FREEZING POINTS | 


properties that 
characterize substances 


Aw pot may ultimately boil, but 
the n ind purity of the liquid within 
the ^ will determine how long one 
must before the liquid is ready to 
use. 

By ring the boiling or freezing 
poini p water with the boiling and 


frec its of pure water, the degree 
of p ind corresponding molecular 
weig the tap water can be deter- 
mine is method of determination 
holds for all substances. 

Wh foreign substance (a solute) 


is ad. a pure liquid (a solvent), the 


DETERMINATION OF THE BOILING POINT OF 
A PURE LIQUID—The traditional method in 
determining the boiling point of a liquid is 
distillation. The apparatus consists of a glass 
flask 1 with a lateral outlet tube that passes 
through a cooling jacket 2 in which cool water 
is constantly circulated. A thermometer T is 
Placed in the neck of the flask, close to the 
Point where the lateral tube lies; the ther- 
mometer registers the temperature at which 
the liquid boils. Before a reading is taken, 
however, the distillation process must reach 


boiling point of the solution will be 
higher than that of the solvent. Con- 
versely, the mixture's freezing point will 
be lower. These physical changes form 
the basis of the ebullioscopic and cryo- 
scopic methods (respectively) for deter- 
mining the molecular weight of a liquid. 
When utilizing the ebullioscopic method, 
the equation used in calculating the mo- 
lecular weight of a solvent is 


where M. is the solution's unknown mo- 


a steady level and the bulb of the thermom- 
eter must be completely surrounded by vapor. 
The vapor is condensed as it passes through 
the cooling jacket and the resultant liquid is 
collected in another flask B. 

During the experiment, the atmospheric 
pressure must be determined, for it has an 
effect on the boiling point of the liquid. Con- 
version formulas are used to determine the 
temperature of boiling at standard atmospheric 


pressure. 


lecular weight, K, the characteristic of 
the solvent (generally known as the 
ebullioscopic constant), and G; and G2 
the respective weights (in grams) of the 
solvent and solute. AT is the measured 
increase in the boiling point of the solu- 
tion over and above that of the pure sol- 
vent. 

The equation used in the cryoscopic 
method is analogous to equation (1). Its 
form is 


1000 G2 
ure 0€ 
where AT represents the lowering of the 
freezing point. K, is another characteris- 
tic of the solvent-the crysocopic con- 
stant. 

The table below shows the constants 
K, and K, for water and some other liq- 
uids. Equations (1) and (2) are valid 
only when the solution is a highly diluted 
one. The equations have an alternate 
use: if the solution consists of two sub- 
stances with known molecular weights, 
their proportions can be determined. 


M.=K, 


EBULLIOSCOPIC AND 
CRYOSCOPIC CONSTANTS 
OF SOME LIQUIDS 


Substance 


acetic acid 

acetone 

aniline 

benzene 

benzoic acid 
camphor 

carbon disulfide 
carbon tetrachloride 


chloroform 


cyclohexane 
ether 
naphthalene 


nitrobenzene 
phenol 
pyridine 


water 
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inverted 
funnel 


DETERMINATION OF THE BOILING POINT 
OF A SOLUTION—The method shown in Illus- 
tration 1 cannot be used to determine the 
boiling point of a solution because the com- 
Position of the vapor is normally not identical 
to the composition of the solution. Therefore, 
when determining the bailing point of a solu- 
tion, the bulb of the thermometer must be in 
contact with the heated solution. 

The direct method (Illustration 2a) is com- 
paratively simple. The equipment consists of 
a flask 1, a thermometer T immersed in the 
solution, and a vertical outlet tube encased 
by a cooling jacket R which condenses the 
vapor and causes it to fall back into the flask. 
The solution may be heated by either a sub- 
merged heating element or by externally ap- 
plied heat. To obtain normal boiling and pre- 
vent overheating, a few pieces of broken glass 
or porous porcelain are placed in the solution. 

In the pumping method, the thermometer is 
placed immediately above the liquid and vari- 
ous arrangements of apparatus ensure that the 
boiling solution is continually pumped onto 
the tip of the thermometer. Illustrations 2b and 
2c show two of many such arrangements. In 
one (Illustration 2b), a small funnel is inverted 
and submerged in the solution. The boiling 
liquid sprays the bulb of the thermometer. The 
same principle applies in Illustration 2c, where 
the boiling liquid rises through a capillary 
tube C. In both instances a cooling jacket R 
ensures that the vapor condenses and returns 
to the flask. 


CRYOSCOPIC MEASUREMENTS. most all 
equipment used to determine fre g points, 
or the lowering of such points designed 
after the classic apparatus constru¿ted in 1888 
by the German physicist H. Becks 
integral part of the apparatus is c 
mometer—known as the Beckman" thermom- 
eter—that measures temperature differences 
of about 5-6 C? to an accuracy oí one-thou- 
sandth of a degree. The thermometer T is 
fixed inside a large test tube P and is im- 
mersed in the liquid. An air jacket prevents 
excessively rapid heat exchanges between the 
test tube and the thermostatically controlled 
water bath B. A magnetic agitator at the bot- 
tom of the test tube circulates the liquid and 
ensures even heat distribution. 

When taking a measurement, the thermostat 
is set about 4° C below the expected freezing 
point of the solution, which will then be cooled 
at a slow rate. During the cooling process, 
care must be taken to assure that the agitator 
functions properly. When the freezing point is 
reached, small crystals separate from the solu- 
tion and the temperature remains constant. 

When no crystallization occurs at the freez- 
ing point and the temperature continues to 
fall, supercooling may occur. In such a situa- 
tion, the system may be further agitated, or 
a small crystal of the solid that will be formed 
during the experiment may be added to pro- 
voke crystallization. The temperature will then 
rise and eventually stabilize at the correct 
freezing point. 


SUBLIMATION, FUSION, 
AND EVAPORATION 7 


Of ai) wonders of childhood, per- 
haps ^ — ‘ost continually entrancing is 
the various things “change into 
else.” In fact, a good deal of 


somet: 

every !s "Why?" is rooted in the 
never 1, human quest to discover 
natur: wets. So, early in life the child 
sees \ hoil away into steam, gravy 
cong: it cools, butter melt in a hot 
pan. '. .wiably, he asks, "Why? What 
make: o that?" 

Phy: has many of the answers to 
these ;lled phase changes, or changes 
of st" of aggregation. Actually, the 
three damental states of matter—solid, 
liquid ! gas—are not irreversibly de- 
fined wever, changes from one state 
to ar r obviously can and do occur 
with eges in temperature and pres- 
surc. terms used to indicate the vari- 


ous es are: (1) fusion, for change 
from olid to the liquid state (with 
solic m the reverse of this process); 
(2) vation, for the change from the 


liqui« e to vapor (the term boiling 
is us hen the whole mass of the 
liqui! o vticipates in the process; the 
rever: o! the process is called condensa- 


temperature 


SUBLIMATION CONDITIONS — This 
Shows the equilibrium between solid, liquid, 
and vapor phases. T is the triple point and 
defines the temperature and pressure at which 
the three phases coexist; equilibrium between 
any two phases is obtained along the curves 


graph 


ST (solid-vapor), TV (solid-liquid), and TW 
(liquid-vapor). The graph clearly shows that at 
a pressure below the triple point, a vapor can 
Pass directly to the solid state when the tem- 
perature is sufficiently lowered and vice versa. 
This kind of graph can be drawn for each sub- 
Stance that can be characterized by two par- 
licular values of the temperature and pressure 
that correspond to the triple point. 


tion or liquefaction); and (3) sublima- 
tion, for the direct passage from the 
solid state to vapor (with the same term 
used for the reverse process). 


SUBLIMATION 


When a solid substance fuses due to 
heating, when it boils and vaporizes, 
and when these vapors are collected and 
cooled so that the original solid is re- 
constituted, then the process of distilla- 
tion has taken place. In every respect 
this distillation is analogous to the dis- 
tillation of a liquid. On the other hand, 
a substance that is solid under normal 
conditions sublimes when it volatilizes 
at a certain temperature (which is de- 
fined as a function of the pressure). In 
this case the vapor will recondense di- 
rectly to the solid state; there will be no 
intermediate formation of a liquid. 

To prevent a solid from passing through 
the liquid state prior to vaporization, the 
pressure exercised on the phases must 
not exceed the value of the vapor pres- 
sure at the triple point. This can be 
achieved by reducing the pressure of the 


2 


system with a vacuum pump. 

Generally this process is called sub- 
limation under vacuum. 

Even though sublimation theoretically 
defines both the direct passage from solid 
to vapor and from vapor to solid, it is 
the latter change that is exploited in 
practice. Actually, the substance sub- 
jected to sublimation often is so impure 
that its fusion point is considerably 
lowered; in the initial stage of the proc- 
ess it will, therefore, first fuse and then 
evaporate, yet the vapors formed will 
recondense directly to the solid state 
without passing through a liquid phase. 


FUSION 


The fusion point of a crystalline solid 
is the temperature at which the solid 
transforms itself into a liquid at a pres- 
sure of one atmosphere. If the substances 
are pure, this change of state is sharp 
and well defined (although for experi- 
mental reasons it is estimated as taking 
place in an interval of at least 0.5-1.0? C); 
the fusion temperature is, therefore, an 
important figure for characterizing a sub- 


SUBLIMATION — A sublimation occurs when 
the substance to be sublimated (sulfur, in this 
case), evaporates, crosses through a piece of 
filter paper, and condenses on the cold walls 
of a funnel (Illustration 2a). Illustration 2b 
shows a sublimate of benzoic acid. 
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SUBLIMATION UNDER VACUUM—The basic 
apparatus used for this experiment consists of 
two components held together by a friction 
joint. The lower component is a glass cylinder 
containing the substance to be sublimated. 
The upper component, an outer glass sleeve 
that fits over the cylinder, has an inner glass 
tube that passes into the cylinder. Cold water 
is circulated in this tube, the “cold finger.” The 
outer sleeve also has a lateral opening that is 
connected to a water pump used for creating 
a vacuum in the lower cylinder or, more pre- 
cisely, for reducing the pressure from its 
normal atmospheric value (about 760 mm of 
mercury) to a much lower figure (20 mm of 
mercury, for example). The apparatus is then 
immersed in a bath, arranged in such a way 
that the level of the external liquid reaches as 
far as the cold finger. Next, the bath is slowly 
heated. When a high enough temperature has 
been reached, the solid vaporizes, and the 
vapor recondenses when it comes in contact 
with the cold walls of the finger, where it will 
deposit in the form of minute crystals, On com- 
pletion of the experiment, the upper part can 
be lifted out of the bath and the deposited 
solid scraped off. This is an excellent way to 
purify substances, especially when the sub- 
stances cannot be obtained by ordinary crys- 
tallization. All the impurities will be at the 
bottom of the lower cylinder. 
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THE SUBLIMATION AND THE SUBLIMATE OF 
1-4 NAPHTHOQUINONE—This type of appa- 
ratus also can be used to carry out a sublima- 
tion under vacuum. The substance (1-4 naph- 
thoquinone) is placed in the outer Sleeve, 
which is connected to a vacuum pump by the 
lower rubber tube. The outer sleeve is evacu- 
ated (Illustration 5a). The two upper rubber 
tubes are used to circulate water in the inner 
receptacle, called the cold finger. The vapor- 
ized substance recondenses on the outer walls 
of the cold finger in the form of pure crystals 
(Illustration 5b). The maximum temperature 
that can be attained with this type of apparatus 
is 250? C (482? F); it is not advisable to exceed 
this figure. 


4a 


a 


4b 
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DETERMINATION OF THE FU POINT— 
For this experiment, a small iry tube, 
closed at one end, is used. It diameter 
of about 1 to 2 mm (about 0.04 4 in.) and 
a length of about 7 to 8 cm 2.3 to 3 
in.). The substance is placed iss dish 
or clean porcelain tile, where vely pul- 
verized with a spatula and arr: Va small 
heap. The open end of the « / tube is 
immersed in the heap, and t is then 
lightly tapped to make the subs nter into 
it (Illustration 4a); the tube is "ned up- 
side down and again tapped vi vtly until 
all of the substance has settle pactly at 
the bottom (Illustration 4b). TI | tube is 
attached to a thermometer in s vay that 
its closed end is about level v middle 
of the mercury bulb; the thermo; s wetted 
with the liquid in which it wi r be im- 
mersed so that the capillary tu adhere 
to it. The liquid bath (IIlustratior consists 
of two concentric and noncommur glass 
tubes; the two receptacles are íi with the 
same liquid, care being taken to make sure 
that the liquid level is the same both; the 
thermometer is then placed into the inner con- 
tainer. This arrangement, by ensuring gradual 


and even heating, reduces to a minimum pos- 
sible errors in reading the thermometer. 

The double bath and a small flame ensure 
an accurate reading. 


THE ER PLATE — For substances that 
fuse ar than 250° C, it is best to use 
elec julpment, such as this Kófler plate. 
A v ‘all quantity of the substance is 
plac. electrically heated plate and is 
obse! rough a microscope. A thermom- 
eter nected to the plate so that the 
temp can be read. The plate itself is 
prot: a glass disk that isolates it from 
vari the environmental temperature. 

stan very pure substances (at any 
one pressure) fuse at a fixed and 
very se temperature, so much so 
that of them are used for calibrat- 
ing d ometers. This is particularly 
true in the case of metals with an ex- 
tremely high degree of purity. The in- 
accuracy of 0.5-1.0? C, which can occur 
in determining the fusion points of even 


very pure substances, can be traced in 
Most cases to experimental error result- 
ing from the methods and equipment 
used. 

The constancy of the freezing point of 
à pure substance is so characteristic that 
change of the freezing point is a conve- 
nient test of the presence of foreign ma- 
terial, 

Impurities will considerably enlarge 
the range in which the fusion of a solid 
takes place; thus, liquefaction will begin 
at a temperature lower than the one at 
which the substance would fuse if it were 
pure, and complete fusion will occur over 
a range of temperature that may cover 
Several degrees. The passage from the 


e b 


solid to the liquid state (and vice versa) 
is the only process that is barely in- 
fluenced by the pressure; in fact, even 
large variations of pressure produce only 
modest variations of the fusion state. 
The experimental method for deter- 
mining the fusion point of a substance 
consists of heating, in a capillary tube, 
a small quantity of the substance. The 
tube is attached to a thermometer and 
immersed in a liquid bath whose tem- 
perature is raised very gradually. The 
liquid with which the bath is filled can 
be concentrated sulfuric acid, oil of 
petrolatum, or silicone oil: the important 
thing is to use a liquid with a very high 
boiling point. 
7 


SIWOLOBOFF'S MICROMETHOD—Two glass 
tubes, closed at one end, are used. The first 
is a capillary:tube 90 mm (about 3.5 in.) long, 
with a diameter of 1 mm (about 0.04 in.). The 
second tube is 80 mm (about 3 in.) long and 
has a diameter of 5 mm (about 0.2 in.). A small 
quantity of the liquid is placed in the larger 
tube, and the open end of the capillary tube is 
immersed in this liquid in a way that will leave 
some air trapped above the liquid (Illustration 
7a). The two tubes are then attached to a 
thermometer with an elastic band (Illustration 
7b), and the thermometer is placed in a double- 
flask arrangement similar to the one used in 
determining the fusion point (Illustration 7c). 
The air in the capillary tube dilates as the bath 
is heated; furthermore, it escapes from the 
bottom of the capillary tube in the form of 
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BOILING 


The boiling point of a substance is the 
temperature at which the vapor pressure 
equals the pressure exerted on the sys- 
tem. How is this temperature determined? 

If enough of the substance is available, 
a proper distillation can be achieved. The 
liquid is heated until brought to a boil; 
the vapors liberated from the mass of the 
liquid will rise to the thermometer, whose 
temperature will eventually become sta- 
bilized at a value that can be assumed 
to be the boiling point of the substance. 
If only a small quantity of the substance 
is on hand, some micromethod must be 
used. 


bubbles, and is replaced by the liquid's vapors. 
The discharge of bubbles becomes rapid and 
continuous as the boiling point of the liquid is 
reached. The flame is then removed. As the 
temperature falls, the number of bubbles di- 
minishes, and at a certain point only one bub- 
ble is left, remaining poised at the bottom of 
the capillary tube almost as if it were uncer- 
tain whether to escape or allow itself to be 
sucked back into the tube. This means the ex- 
ternal (atmospheric) pressure acting on the 
bubble is exactly equal to the pressure of the 
vapor in the capillary tube. The equality of 
these two pressures reveals that the liquid is 
exactly at the boiling point, and the tempera- 
ture can be noted by reading the thermometer 
at this moment. 
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THE MELTING POINT | from solid to liquid 


When a solid crystalline substance is 
heated to a certain temperature, it begins 
to liquefy or melt; the temperature at 
which this occurs is the melting (or 
fusion) point for that substance (at a 
given pressure). Inasmuch as noncrystal- 
line substances such as glass do not 
change directly from the solid to the 
liquid phase, they have no melting point. 

The forces that bind the molecules to- 
gether-the intermolecular forces—are 
the factors that determine whether a 
substance is a solid or liquid (or gas). 
If the bond is strong enough to maintain 
the molecules in a fixed, rigid position in 
relation to each other, the substance is 
a solid; however, if the molecules can 
move with some freedom, without alto- 
gether escaping from one another, the 
substance is a liquid. Any energy that 
enables the molecules of a solid to 
weaken their intermolecular force to the 
extent that they attain relative freedom 
of movement will, in effect, cause the 
solid to melt. The energy capable of 
melting a crystalline solid is provided by 
heat. 

Different substances have different 
melting points, depending on their mo- 
lecular structures. It is possible, there- 
fore, to identify the molecular structure 
of a substance, and the substance itself, 
by measuring the amount of heat—the 
temperature—required to bring about 
melting. Chemists take advantage of this 
measurement for analysis, especially 
when trying to identify certain organic 
substances that are otherwise difficult to 
distinguish from one another. Among 


the hydrocarbons, for example, individ- 
ual members of the paraffin series have 
almost identical chemical properties, but 
each melts at a specific temperature; this 
characteristic makes it easy for a chemist 
to identify a particular paraffin in the 
series. 

The melting point of a substance also 
depends to some extent on the degree of 
its purity. If its crystalline lattice con- 
tains atoms of another substance, the lat- 
tice will tend to break down in the vi- 
cinity of these extraneous atoms; the 
entire substance will tend to melt at a 
slightly lower temperature if it contains 
impurities (although in some cases this 
happens at a slightly higher temperature, 
because of the nature of the impurity). 
Thus, the determination of the melting 
point of a specimen of a substance, 
whose melting point in its pure state 
is known, provides a test for its purity, 
and this tool is also used by chemical 
analysts. 

Some substances cannot be tested or 
identified by measuring their melting 
points because they decompose at a 
lower temperature than would theoreti- 
cally be required to melt them. Wood, 
for example, because of its cellulose and 
lignin components, eliminates volatile 
substances (gases) when heated and 
carbonizes instead of melting. Many or- 
ganic substances and a few inorganic 
substances behave similarly; it is useless 
to attempt to melt them. 

Certain characteristics concerning the 
melting process can best be discovered 
by experiments. A useful preliminary to 


temperature 


mp 


THE TEMPERATURE DIAGRAM—While heat- 
ing a substance at a constant rate, the tem- 
peratures reached should be recorded at fixed 
time intervals. At first the temperature will 


rise; when it has reached the melting point 
a, it will level off even though heat continues 
to be applied. When the entire substance is 
melted b, the temperature will again rise. 


experimentation is the prepo: -zion of a 
graph showing the temperat s at suc- 
cessive moments while the tance is 
being heated at a constant r: 
TEMPERATURE DIAGRA 
A substance should be subj: to the 
heating process while wei low its 
suspected melting point. As heating 
continues, the temperature ie sub- 
stance will continue to rise ! certain 
length of time, and this can corded 
on the graph. After a certai. ime the 
temperature will no longe: , even 
though the heating is contin: ind the 
graph will show a level linc ad of a 
rising line for that period. Th enome- 
non is caused by a chang: hin the 
substance. As long as the erature 
rose, the molecules were b: nereas- 
ingly agitated by the added ! nergy, 
until the stage was reached hen the 
stable positions that char ze the 
molecules of a solid could n main- 
tained. In order to detach mole- 
cules and destroy the cryst struc- 
ture, energy is required, ene: rovided 
by the heat. In other word at that 
had up to now increased t »vrature 
was diverted into the task : erating 
the molecules from their ri ;onds— 
the critical changeover fro: 6 solid 
to the liquid state. 

"This moment, when an inc: in heat 


is not reflected in a rise in temperature, 
is the most delicate part of the experi- 
ment because it proves that the sub- 
stance has reached its melting point. 
The substance is now partly in a solid 
phase and partly in a liquid phase. Heat- 
ing must continue in order to act further 
on the molecules that are still solid; but 
this heating will also act on the liquid 
molecules, which will be in direct con- 
tact with the walls of the container. As a 
matter of fact, the liquid molecules will 
have a temperature slightly greater than 
the solid molecules; if it is desired that 
the substance melt rapidly, considerable 
heat must be applied, and the tempera- 
ture of the liquid will actually be above 
the effective melting point of the sub- 
stance. This information will be supplied 
by the thermometer immersed in the 
liquid, which will indicate the real melt- 
ing point and the greater temperature of 
the liquid. 


THE MELTING POINT OF ICE—It is commonly 
accepte t ice melts at 0° C (32° F), but it 
is not y to find a piece of ice that will 
melt at his temperature, because even a small 
quantity of the salts present in water (even 
drinking water) or of dissolved gases (oxygen, 
nitrogen, carbon dioxide) will change the 
melting point. The only ice that will melt at 
this temperature must be made from water 
that is perfectly distilled and then boiled .to 
ensure removal of all dissolved gases. 

This photograph shows the best way to 
Prepare the ice that will be measured for its 
melting point. It should be placed in a glass 
container, such as a 1-liter or 1-quart beaker, 
along with an equal amount of water; the con- 
lainer and its contents must be thoroughly 
insulated in polystyrene foam, a commonly 
used plastic material, which must extend 
above and below the container (Illustration 
2a). Even the removable cover, in which the 
thermometer and a paddle stick are inserted, 
must be made of this insulating material (Il- 


lustration 2b). 

The thermometer must be sensitive enough 
to measure tenths of a degree. The paddle 
stick is to be used for stirring when necessary. 

The container with the ice and water must 
be left within the insulation long enough to 
ensure that the temperatures of the solid and 
liquid are equal, as shown by the thermom- 
eter. Enough heat will filter through the in- 
sulation and the container walls to bring this 
about and to melt the ice, and this will happen 
so slowly that there will be no difference in 
temperature between the two phases of water 
(solid and liquid). The contents can be stirred 
gently, and the thermometer must be read 
constantly during the melting process to verify 
a nearly constant temperature. When the tem- 
perature begins to rise, the melting has come 
to an end. The value of the melting point can 
then be calculated by averaging all the read- 
ings before the rise. In one such experiment 
(Illustration 2c), the value turned out to be 
2.3° C (36.14? F). 


temperature 


time 
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temperature 


4.4* C 
3.4* C 
2.6* C 


THE EFFECT OF IMPURITIES—In the previous 
experiment, the solid phase of a liquid (ice or 
solid water) was used; in this experiment an- 
other liquid, benzol, is frozen to its solid form 
in order to demonstrate some of the phenom- 
ena that occur when it melts—particularly 
when it contains specific quantities of an 
impurity. 

The melting point of benzol is known to be 
5.5? C (41.9? F); this is, therefore, also its 
freezing point. Liquid benzol can be solidified 
in an ordinary refrigerator, or by applying to 
it either ice, some other freezing mixture, or 
dry ice. In order to melt the solid benzol, a 
little heat from the environment can be allowed 
to filter gradually into the container, which 
can be similar to that used in the previous ex- 
periment (although it need be only about one 
quarter the size), and which should be sim- 
ilarly insulated. Illustration 3a shows another 
setup, consisting of two glass containers, the 
inner one containing the benzol and the outer 
one containing the freezing mixture. For the 
purpose of this experiment, suitable admix- 
tures of an impurity—methyl alcohol, which 
readily mixes with benzol—will be added to 
the benzol as indicated. Both containers will 
be insulated and the removable cover will, as 
before, accommodate a thermometer and a 
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melting point 


1% alcohol 
2% alcohol 
3% alcohol 


temperature 


time 


supercooling 


time 
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SUPERCOOLING—This term describes a con- 
dition in which the temperature of a liquid falls 
below the melting point (normally the freezing 
point) without actually freezing. Great care is 
required to bring about this condition. The 
liquid must be extremely pure—such as water 


— 


paddle stick. 

Great care must be taken : ; the freez- 
ing process, during which th: “ol mixture 
will be in contact with the w of the con- 
tainer holding the freezing re; during 
this time, its temperature wi! lightly be- 
low the melting point. On the and, when 
the temperature is measured j the melt- 
ing process, it will be found t uch higher 
than the melting point; in fa. liquid re- 
ceives heat from the containe: and trans- 
mits it to the substance being ed, and is, 
therefore, much warmer than substance. 
For this reason the heat mus ;etrate the 
container very slowly, ensuri very grad- 
ual rise in temperature. 

By making a graph of the « es in tem- 
perature near the melting poir o comple- 
mentary values will be obtain: value ob- 
tained during freezing will usi nearer to 
the melting point. In Illustrat ; all three 
graphs were obtained by rec the rising 
and falling temperatures on « ide of the 
freezing point, using benzol : ning three 
different concentrations of alc The graph 
in Illustration 3c shows how tt {ting point 
is lowered as the percentage thyl alco- 
hol increases. 


% of alcohol 


twice distilled—and placed in a very clean 
glass container with a very smooth internal 
surface. The liquid must be left completely 
still, neither shaken nor stirred. If these pre- 
cautions are taken, the liquid will cool to a 
temperature below the freezing point without 
freezing. At a certain temperature, however, 
Part of the liquid will freeze and the tempera- 
ture will rise to the normal freezing (or melt- 
ing) point while freezing occurs. The rapid 
freezing, in fact, liberates the latent heat of 
solidification (the inverse of the latent heat of 
melting—that period in which the molecules 
are rearranging themselves); this raises the 
temperature of the supercooled liquid. The 
graph shows the falling temperature, which 
Passes the freezing point; a very rapid rise 
to the freezing (melting) point; a period dur- 
ing which the entire liquid freezes; and a 
further fall indicating that the freezing point 
has been passed for the entire mass of the 
liquid. 
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Imagin 1 moment, what might hap- 
pen if © atoms in a mountain were 
to be | d together, with all of the 


space ! :1 them eliminated. The re- 


sult wc an extremely dense, small 
mass | s the size of a tennis ball. 

Whil ag all appearances of being 
a solid of rock, a mountain and 
everyt! ise taken for granted as being 
solid is he most part “empty” space. 
The ai in all solids are, in reality, 
relativ istant from one another. The 
spaces ! en them contain the binding 
forces i < oid atoms and molecules close 
enough ich other to form apparently 
solid n 

The ce of crystallography is the 
means hich the positions of atoms 
withir tances can be determined. 
Based h study, for instance, the ar- 
ranger ;1 the atoms in a molecule of 
bariu: iate (BaTiO;) can be repre- 
sente »wn in Illustration 1. A crys- 
tal of :terial can be thought of as 
à nui | polyhedrons formed by the 
atom: »n in the illustration as 
spher ; face-to-face arrangement. 
The li «tween the spheres depict the 
bindi? ‘es holding the atoms to- 
gethe lo not suggest anything con- 
cernir nature of the forces. 


In to understand the binding 


forces lids, all solids may be classi- 
fied aceovding to the types of bonds link- 
ing their atoms and molecules. 


IONIC BONDS 


Tonic solids are substances in which the 
atoms are held together by electrostatic 
forces. Such forces operate between elec- 
trical charges of opposite polarity. 
Sodium chloride—common table salt— 
is a good example of an ionic solid. The 
compound can be made by starting with 
neutral sodium and chlorine atoms. A 
sodium atom will give up a negatively 
charged electron to a chlorine atom, but 
in so doing becomes a positively charged 
ion. In the same process, by gaining a 
negative electron the chlorine atom be- 
comes a negatively charged ion. Because 
of the resultant opposite charges of the 
two ions, a strong mutual attraction 


BONDS IN SOLIDS 


ATOMIC ARRANGEMENT IN A BARIUM TITA- 
NATE CRYSTAL—The science of crystallog- 
raphy is the study of the atoms in crystal 
structures. An understanding of the physical 
properties of crystalline solids is based on a 
knowledge of the nature and intensity of the 
forces holding them together. 


exists (Illustration 2a). This explains the 
electrostatic nature of a single sodium 
chloride molecule. 

A salt crystal (Illustrations 2b and 2c) 
contains large numbers of sodium ions 
and chloride ions. If the crystal is to hold 
together, the arrangement of the ions 
must be such that the attraction of op- 
positely charged ions is greater than the 
repulsion between those of the same 
charge. When arranged alternately in a 
cubic lattice, each ion is surrounded only 
by members of the opposite charge, as 
shown in Illustration 2b. 

Ions of similar charge are separated 
by a distance equal to the diagonals of 
the cubic lattices. This is a greater dis- 
tance than that between oppositely 
charged ions. Therefore, the repulsion 
force is less than the attraction force 
within the lattice, and the solidity of the 
crystal is maintained. 

Knowing how the atoms of an ionic 
solid are linked allows the prediction of 
some of the physical properties exhibited 
by this type of compound. First, a very 


electrons-the binding forces 
in atoms and molecules 


strong attraction exists between ions of 
opposite charge. Therefore, considerable 
energy is required to destroy an ionic 
compound by the separation of its com- 
posite atoms. 

At low temperatures (room tempera- 
ture, for example), the ions in an ionic 
crystal are firmly "anchored" to their 
positions within the lattice, and the elec- 
trons associated with each ion are un- 
able to break away. Specifically, this 
means that the crystal, or compound, will 
not conduct electricity. There are no 
freely moving electrical charges within 
it to conduct a current. At high tempera- 
tures, on the other hand, the ions move 
about and change position when in- 


THE IONIC BOND—This type of bond is 
formed between two atoms when one loses 
an electron to become a positive ion and the 
other gains an electron to become a negative 
ion (Illustration 2a). Illustration 2b shows the 
arrangement of sodium ions (small spheres) 
and chloride ions (large spheres) in a crystal 
of sodium chloride. Illustration 2c is a photo- 
graph of sodium chloride, or common table 
salt. 
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fluenced by an electrical field, giving the 
compound the property of excellent elec- 
trical conductivity. 

A further property of ionic compounds 
is their inability to absorb light passed 
through them. This, again, is due to the 
fixed nature of their electrical charges. 
Because of this property, ionic crystals 
are transparent. However, short wave 


3b 
THE MOLECULAR BOND—This type of bond 
may exist between neutral atoms (atoms hav- 
ing an equal number of positive and negative 
charges), as shown in Illustration 3a. The 
molecular bond is also present within mole- 
cules, and, further, holds molecules to one 
another. These bonds hold together the atoms 
in the solids formed after the cooling of cer- 
tain gases, of which methane is an example. 
The erupting gas well in Illustration 3b illus- 
trates burning methane. 


3a 


ultraviolet radiation can be absorbed by 
the splitting of electrons from pairs of 
oppositely charged ions. Long wave in- 
frared radiation is also absorbed, but in 
the form of heat because it causes the ion 
pairs to oscillate. 


COVALENT BONDS 


Suppose that an electron is “lost” from 
the outer shells of each of two atoms, and 
that these electrons take up new posi- 
tions between the atoms, as shown in 
Illustration 5a. The result is a compound 
having a covalent bond. In fact, atoms 
may share more than one electron to 
form covalent bonds. Carbon atoms are 
connected by such covalent linkages 
especially characteristic in organic mole- 
cules. 

A typical covalent crystal is diamond, 
whose structure is a lattice of tetrahe- 
drons with a carbon atom at each point, 
The edges of the tetrahedrons are identi- 
cal to the forces binding the atoms to- 
gether. It is precisely this structure that 
gives diamond its characteristic strength 
and hardness. As much energy is re- 
quired to destroy the crystal by remov- 


ing the atoms from the lattice one-by- 
one as would be needed to disintegrate 
the ion lattice as a whole. 

Because the atoms and electrons are 
locked in their positions within the lat- 
tice (moving electrons are enclosed in 
the spaces between neighboring pairs of 
atoms), covalent crystals have almost no 
electrical conductivity, and are trans- 
parent if pure. 


METALLIC BONDS 


Solids with metallic bonds are composed 
of a lattice of positive ions with elec- 
trons moving between them. Neutral iron 
atoms, in forming an iron crystal, come 
into close proximity to one another to 
form the structure shown in Illustration 


TWO WATER MOLECULES LINKED BY A 
HYDROGEN BOND—Illustration 4a details the 
positioning of one water molecule's hydrogen 
atoms between the two molecules in the struc- 
ture of water. The hydrogen is "lost" alter- 


/ 


6a. Each atom loses one : ore elec- 
trons, and these can move ı relative 
freedom within the lattice metal's 
crystal lattice can be tho: of as a 
"sponge of positive ions" regnated 
with free electrons. 

But, how are the iron 5 bound 
together? Although the po» ^^ ions in 
the lattice have a tendency epel one 
another, the cloud of free rons acts 
to hold them together. Howo.: v, because 
the distances between the i. and elec- 
trons in a metal crystal əre «elatively 
large, such bonding is weaker than in 
either an ionic or covalent bend. 

The large number of free electrons in 


metallic solids is precisely the reason for 
their high degree of electrica! conduc- 
tivity. Moreover, these same electrons 


nately to one and then the other molecule, 
creating a bond. Ice, illustration 4b, is com- 
posed of water molecules linked by such 
hydrogen bonds. The considerably larger oxy- 
gen atoms determine the basic structure. 


THE COVALENT BOND—A covalent bond is 
created n two or more atoms share elec- 
trons bew en themselves, as in Illustration 
5a. The "ond in Illustration 5b is made up 
entirely carbon atoms linked by covalent 
bonds. 

5a 


abs 


electromagnetic radiation 


strikin m. This is why metals are 
opaq: ^n when they are very thin. 
MOL" CLAR BONDS 

Some «sas and molecules do not lose, 
gain, or share electrons to form an ionic, 
covalent, or metallic bond. Such atoms 


and molecules remain neutral, keeping 
their entire stock of electrons. Logically, 
they shouid not be surrounded by an elec- 
trical field—the negative forces of the 
electrons should be symmetrical and thus 
balance the positive force of the rest 
of the atom. However, because of the 
Constant movement of electrons around 
the nucleus, a part of the atom may be 
temporarily weak in negative charges if 
the electrons “bunch up” in one place. 
In this situation, lasting a fraction of a 
millionth of a second, the distribution 
of the negative charges is no longer 
symmetrical. The massing of negative 
charges on one “side” uncovers positive 
charges on the other “side.” There are, 
thus, two poles, creating a dipole, and 


THE METALLIC BOND—In a metal crystal, the 
atoms each lose an electron. These electrons 
remain free to move about among the crystal's 
ions (Illustration 6a). The ions have a positive 
charge, and the attraction between these ions 
and the cloud of free electrons creates the 
metallic bond. The ordinary iron bolt shown 
in Illustration 6b is made up of atoms linked 
in this way. 


attractions to nearby dipoles that were 
formed in the same way. 

Thus, even in the absence of other 
types of bonds, atoms or molecules may 
be affected by weak forces of attraction 
pulling them together. These molecular 
forces are known as Van der Waals 
forces (named for the Dutch physicist 
who calculated their effect on the be- 
havior of gases). 

Van der Waals forces, being extremely 
weak, require only a small amount of 
energy to break the crystals they form. 
Moreover, such substances are quite pli- 
able and can be deformed using only 
moderate energy. These same weak- 
nesses in bonding impart low fusion 
points to molecularly bonded solids. 
Argon (an inorganic inert gas) and 
methane (coal or marsh, gas) are ex- 
amples of molecular solids when in the 
crystal state. At ordinary temperatures, 
they are gaseous. At relatively low tem- 
peratures, however, they solidify with 
ease because molecular motion is not suf- 
ficient to rupture the bonds holding their 
crystals together. 


HYDROGEN BONDS 


In solids made up of molecules contain- 
ing hydrogen atoms, a hydrogen atom 
may lose its single electron alternately to 
each of a pair of neighboring atoms. 
The proton is therefore exposed, en- 
abling it to exert a degree of positive 
attractive force. The strength of this at- 
traction is somewhat greater than in the 
case of the molecular bond, but con- 
siderably less than in ionic and covalent 
bonds. This type of “link” is called a 
hydrogen bond or hydrogen bridge. Il- 
lustration 4a shows a small hydrogen 
atom as it forms a "bridge" between 
two other atoms. 

Hydrogen bonding allows various 
substances such as water (Illustration 
4b), hydrochloric acid, and long-chain 
molecules such as cellulose to crystallize. 
Of extreme importance is the manner in 
which protein molecules are arranged in 
living matter by hydrogen bonds. An ex- 
ample is the protein DNA, the basic con- 
stituent of cells, 
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CRY Side RUM DA erin eee 


The chemist who works in a modern lab- 
oratory has a variety of sophisticated 
equipment available to ease his analyti- 
cal tasks. Nonetheless, many less auto- 
mated analytical methods must be ap- 
plied before sufficient skills are developed 
to allow effective choice and use of the 
sophisticated instruments. 

One important basic analytical tech- 
nique—fractionalcrystallization—takes ad- 
vantage of the different solubilities of 
compounds. For almost all substances it 
is possible to find a liquid in which they 
will dissolve. Ordinary water is often 
called the universal solvent because most 
compounds are soluble in it to one degree 
or another. Yet there are many substances 
that will not dissolve appreciably in 
water, so other inorganic solvents or or- 
ganic solvents must be used to form solu- 
tions. 

Every compound has a given solubility 
1 
A MIXTURE OF SOLIDS TO BE PURIFIED— 


The three solids in Illustration 1a have very 
different solubilities in water, and are thus 


per unit volume of solvent. For example, 
while 100 cc of cold water will dissolve 
50 g of sodium thiosulfate, the same vol- 
ume of water cannot accommodate more 
than .03 g of iodine. On the other hand, 
while soluble to only a slight extent in 
water, iodine will easily dissolve in alco- 
hol, whereas sodium thiosulfate is insolu- 
ble in alcohol. 

This variation in solubility of a com- 
pound in a given solvent makes it possi- 
ble to separate it from other compounds 
in a mixture. For example, suppose that 
a mixture is composed of two materials, 
one highly soluble in water, the other less 
so. Dissolving this mixture in water (at 
a given temperature) results in a solu- 
tion of the soluble compound but not of 
the insoluble one. By a process of filtra- 
tion and evaporation, the soluble com- 
pound can be obtained as relatively pure 
crystals. 


separable by crystallization. The ratios of the 
solids are: 50 g of potassium dichromate, 5 g 
of sodium chloride, and 2 g of calcium oxide. 


b 


This is the simplest exa 
cation by crystallization 
ever, that the mixture cor 
pounds equally soluble 
Obviously, simple filtratic 
tion will be of little value 
apply when the amount o 
substance is small compa 
desired in the pure state. 
substances are present in 
amounts, the temperature 
as well as the solubilities 
cal. If the impurity is mo 
the desired compound, £ 
will remain in solution af 
solvent. If the impurity 


than the desired compour: 


solution will allow the im; 
rate, or precipitate, leavi: 
material in solution. Filtr 
centration allow recovery 
Chemists call the recov: 


The mixture of these solids ( 
strictly mechanical, but it i 
Sible to separate the compo: 


of purifi- 
ose, how- 
two com- 
e solvent. 
evapora- 
s does not 
polluting” 
» the one 
n the two 
ely equal 
e solvent, 
mes criti- 
able than 
ample, it 
oling the 
is soluble 
oling the 
to sepa- 
> wanted 
and con- 
material. 
mpound 


ion 1b) is 
ily impos- 
y hand. 
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PREPARATION OF THE FILTER—Filter paper 
is a very porous material, and is available in 
a wide variety of porosity depending on its 
intended use. Generally, filters are sold by the 
manufacturer ready for use, but it is a good 
idea to know how they are prepared for use. 
In Illustration 3a, a suitably sized square of 


a 


filler paper has been cut and folded in half 
twice. The process is continued until the shape 
shown in Illustration 3b is achieved; final fold- 
ing results in the shape shown in Illustration 
3c. The filter must be cut to fit the funnel; the 
top of the filter is about one-half inch below 
the rim of the funnel (Illustration 3d). 


b 
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PREPAR : OF THE SOLUTION—Both the 
potassiu 'romate and the sodium chlor- 
ide are oluble in hot water, while cal- 
cium ox not. The prepared mixture of 
these salt placed in a 600 cc beaker, and 
about 110 cc of water added. Heating the 
Solution to 90° C (194? F) with constant stir- 


Ting will dissolve all of the sodium chloride, 
most of the potassium dichromate, and none 
of the caicium oxide. (More water may be 
added to completely dissolve the dichromate.) 
The water must not be allowed to reach the 
boiling point. This first step in the purification 
Of the dichromate allows a certain separation 


Of the salts, primarily the insoluble calcium 
oxide. 
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FILTERING THE SOLUTION—Tho Purpose of 
filtration is to remove solid impurities from 
the dichromate solution, in this case calcium 
Oxide. The temperature of this Operation is 
important to prevent premature Crystallization 
of the dichromate. Therefore, before the filter 
is placed in the funnel, boiling water is poured 
through the funnel to heat it. Then, with the 
fter in place, the dichromate solution is 
poured quickly into the funnel. using a glass 
fod to assure a steady flow. P. sing rapidly 
through the filter into another receptacio, the 
Potassium dichromate begins to crystallize. 


PURIFICATION OF THE POTASSIUM DICHRO- 
MATE—Fotlowing the first filtration, the tunnel 
and its filter are carefully removed (so as not 
to break the filter paper) and the solution al- 
lowed to cool. Cooling can be accelerated by 
running ice water over the container of solu- 
tion (illustration 5a). The lowering of the tem. 
perature forces the dichromate out of solu- 
tion, where it immediately crystallizes into 
large and small grains, as in Illustration $5. 

st of the sodium chloride remains in solu- 
tion because of its greater solubility in cold 
water. This solution is allowed to stand until 


most of the potassium dichromat 


tal 


has crys- 
lized, and then is filtered once more. After 


d 
the second filtration, the liquid is discarde 
and the crystals allowed to dry 


the yk s is very rarely, if at all, the 
total a of the material, The purifi- 
cation s involves a loss; thus, yields 
are gi percentages (30 percent, 60 
percer percent, for example), 
OBTA A HIGH YIELD 

The q ind purity of a yield can be 
impr r that provided by simple 
dissol | filtration. One such im- 
prov ı be achieved by maintain- 
ing « emperature of the solution 
throu e procedure. In this case, 
the t ire would be that of maxi- 
mum ty of the desired compound. 
Ideal of the compound should be 
lost illy, the yield will not be 
exact! percent because some of the 
mate cling to the filter paper. 

As hat the solvent is water (as 
is ge the case in inorganic chem- 
istry r method used to improve 
the > lizes an excess of water. If, 
for « 50 g of a mixture of potas- 
siun vate and sodium chloride is 
disso vater at 90° C (194° F), the 
solut be filtered without prema- 
ture ition of the dichromate (the 
yield case), When the filtered 
soluti boiled and begins to evapo- 
rate iromate begins to crystallize. 
At t} t, the solution can be cooled 
to ne lowing the dichromate to 
reac! iximum point of erystalliza- 
tion dium chloride, being more 
solul tins in solution. 

A s | crystallization will result in 
an even purer yield of dichromate, since 
some of the sodium chloride will still be 
attached to the dichromate crystals. The 
Procedure is the same as in the first erys- 


tallization. In the final analysis, the pre 
ence of sodium chloride in the potassium 
dichromate is very small—on the order of 
1; 10,000,000. If, as sometimes happens, 
4 solution does not crystallize, the solu 
tion may be inoculated with a minute 
crystal of the same substance or a simi- 
lar one to achieve the desired result. 


PURE SALT—After 
the second filtration, 
the potassium dichro- 


mate looks like this 


DRIED POTASSIUM 
DICHROMATE —Tho 
filtered salt ia allowed 
to dry in air, The final 
yleld, in this example. 
is 40 g of dichromate, 
or 60 percent. The 
loss resulte from part 
of the material hav- 
ing remained in solu 
tion and part lost dur- 
ing filtration. Thus. 
the final proportion 
is obtained by the 
equation 60 9:40 g 
= 1009:x9 
(where x = yield) 
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THE FORMATION 
OF CRYSTALS | the consequences of lattice defects 


“Clothes do not make the man.” This is 
true to a certain extent, for in judging a 
person, the usual procedure is to assess 
his personality, his intellectual capacity, 
his mental and emotional reactions. His 
outward appearance, although not a pri- 
mary consideration, does however con- 
tribute to the final estimate made of a 
man; clothes, therefore, have their own 
peculiar importance. Similarly, in the 
study of a crystalline structure, ordinarily 
only the internal portions of the crystal 
are considered. It so happens that a 
structural element, such as a base or cell, 
is always viewed as forming part of a 
practically unlimited series of other cells 
or bases in all three dimensions. There- 
fore, all the phenomena that take place 
on the surface of the crystal are sub- 
stantially neglected. Yet these phenom- 
ena are of considerable importance in 
the formation, or growth, of crystals. 
Actually, crystallography is not con- 


DISLOCATIONS AND CRYSTALLINE SUR- 
FACE—What happens when dislocations oc- 
curring within the body of the crystal present 
themselves as a line of dislocation at the 
surface of the crystal? 

The illustration shows a screw-type dislo- 
cation on a crystal's surface. Actually, the 
surface terminates somewhat in the manner 
of a spiral staircase. Especially to be noted 
is the way this dislocation produces some 
particular discontinuities on the crystal sur- 


cemed with the phenomenon of crystal 
formation. Nevertheless, this phenome- 
non is vitally important from many other 
points of view. The crystalline structure 
terminates at the surface of the crystal; 
here the perfection of the structure is 
marred because the atoms of the surface 
stratum are subject to forces of attraction 
and repulsion exercised from only one 
side of the plane that defines the surface 
itself. 

It is, therefore, very important to study 
the discontinuity surfaces of the crystal- 
line structure, which consist of the crystal 
outline; that is, the faces terminating 
these crystals. 

The same crystal may grow in different 
forms. It may be cubic or octohedral, for 
example, to cite but two common variants 
of the same simple structure. The termi- 
nation of a crystalline face assumes great 
importance in the structure because the 
crystalline structure is forced to impro- 


face—discontinuities that take the form of 
Steps. These steps constitute the points where 
an atom or ion from the medium that supplies 
the material for the growth of the crystal 
(supersaturated Solution, vapor, supercooled 
liquid) can easily attach itself. "Easily" here 
should be understood as meaning more easily 
than would be the case on a perfectly plane 
surface; for a surface of this kind, in fact, 
would constitute a barrier to the growth of 
the crystal. 


vise at these faces. The structure arranges 
itself so that the potential energy existing 
because of the reciprocal attractions exer- 
cised by the atoms assumes a minimum 
value. The way these atoms attract each 
other at the surfaces of the crystalline 
germ (that is, the base agglomerate from 
which the polyatomic aggregate of the 
fully grown crystal will develop) deter- 
mines the form that will be assumed by 
the crystal itself. 


CRYSTALLINE IMPERFECTIONS 
AND GROWTH 


Even a solely theoretical understanding 
of the phenomena that take place on the 
faces of crystals is extremely important 
for predicting the behavior of crystalline 
structures. This is especially so in the 
case of crystals that consist of micro- 
crystalline bodies in which the atoms 
affected by surface phenomena form a 
considerable proportion of the total. 

In a large and well formed crystal of 
transparent quartz, for example, the 
atoms that form its surfaces are very few 
when compared to the atoms that form 
its body. The fact that they are arranged 
so that their potential energy, atom by 
atom, is much greater than that of the 
crystal’s other atoms, has only a small 
influence on the characteristics of the 
crystal itself. On the other hand, in a 
polycrystalline aggregate consisting of 
extremely small crystals, the surface 
atoms do not by any means form a small 
proportion of the whole; quite the con- 
trary, they constitute an important seg- 
ment. Furthermore, the characteristics of 
their exceptional arrangement will affect 
the properties of the whole substance. 
For example, the outlines of the crystal- 
line grains are (1) places where a very 
rapid diffusion may take place, or (2) 
areas where corrosion phenomena are 
likely to occur. 

The characteristics of the crystal sur- 
faces also govern the crystal's rate of 
growth. In fact, it has been calculated 
that if the crystal structure were to termi- 
nate at the faces just as faultlessly as 8 
theoretically perfect crystal, the rate of 
growth would be about e^ times less 


GROW SCREW-TYPE DISLOCATIONS 
—This (f Illustrations shows how a 
crysta! when a screw-type dislocation 
appes of its faces. 

The pe dislocation seen in Illustra- 
tion 2 ts of atoms, although these are 
not sf position in which these atoms 
have cated is marked by the inter- 
sectio sides of the cells, which can 
be im ; simple cubes. 

Illu: b reproduces the same face and 
3 
GROW N A PAIR OF DISLOCATIONS— 
A pair locations, connected as shown 
in Illus 3a, does not give rise to a 
Prolong: p, but only to a well-delimited 
Segmen the length within the limits of the 


face on which the dislocation appears. 
Illustration 3b shows the manner in which 

the atoms have attached themselves to the 

front of the step, causing the front face of 


the same defect noted in Illustration 2a. The 
position of the defect where the growth occurs 
is shown by a darker color. 

The part where the step reaches a height 
corresponding to a complete atomic layer, 
that is, a small distance away from the axis of 
the dislocation, is the place where the growth 
is most rapid (Illustration 2c). The raised level 
will, therefore, grow in the direction indicated. 
This is the first stage of growth. 

A later stage in the growth (Illustration 2d) 


this step to grow at a higher level, with an 
outline that for conventional purposes only 
will be considered circular. 

At a more advanced stage of growth, a 
whole platform has been formed, covering the 
face (Illustration 3c). The platform continues 
to grow at the back of the dislocation line, 
which has been re-formed. 

In this stage of the growth (Illustration 3d), 


shows how and in what manner the step has 
been lengthened. 

A very advanced stage of growth (Illustra- 
tion 2e) shows how an entire spiral has formed 
on the surface of the face that constitutes the 
growth front. The lower part of the spiral has 
now reached the sides of the crystal; and 
it has stopped there, improving and adapt- 
ing itself to the forms that are dictated by 
the faces of the lateral surfaces of the 
crystal. 
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the added layer has returned to cover the 
dislocation line and to re-form it in the same 
position in which it was at the beginning, 
even though for the moment it appears with 
a circular outline. It later returns to being 
rectilinear. The growth will continue this way 
until the supply of the material needed for 
forming the crystalline structure has been 
exhausted. 
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THE FORM OF THE GROWTH STEPS—The 
form assumed by the growth front need not 
be circular or spiral; this (in the preceding 
illustrations) was an approximation. In prac- 
tice, the front adapts itself to the form of the 
crystal and its structure. The form can vary 
a great deal from one crystal to another, but 
it will generally be polygonal rather than 


circular in shape. 

Illustration 4a is the growth surface of a 
crystal of paraffin n-C;,H;,. The form of the 
steps is polygonal or, more precisely, rhom- 
boidal. 

Illustration 4b is a polygon on a crystal of 
cadmium iodide. This time the form is hexag- 
onal. 


than the rate of growth observed in prac- 
tice. If, for example, a sodium chloride 
crystal were placed in a I-percent aque- 
ous solution of sodium chloride, the crys- 
tal should grow. If the crystal were per- 
fect, a number of calculations suggest 
that it should grow at a rate of about 
101.00 times less than the rate that can 
actually be observed in practice, This 
means the crystalline faces really are 
highly imperfect. The fact that all crystals 
can grow at appreciable rates indeed 
proves that no real crystal is ever perfect; 
and many of the most important proper- 
ties of a crystal are caused by the few 
odd places where the crystal structure 
goes wrong. 

The following paragraphs discuss those 
characteristics of crystalline surfaces 
that will permit the crystal to grow 
whenever it finds itself in a favorable 
environment. 


These illustrations are phc is taken by 
an optical microscope wit! ignification 


THE SCIENCE OF 
NEW MATERIALS 


The examination of the imperfections of 
the crystalline surface has progressed 
beyond its essentially physical and spec- 
ulative aspects to the point where it has 
become a study for the production of 
new materials. In fact, it is now possible 
to produce crystals of particular form, 
very long, free from certain types of 
crystalline defects, and possessing great 
tensile strength. These are new sub- 
stances only in the sense that scientists 
have succeeded in producing them in 
new crystalline forms that are free of 
the defects that lead to weakness; their 
chemical composition is the same as 
that of the ordinary materials. 

For example, it has been found possi- 
ble to produce crystals of tin with a 
tensile strength as much as a hundred 


of the order of a few hundre logous fig- 
ures can be observed on c of different 
types: on polymer crystals, fo imple, Elec- 
tron microscopes are also | ) take such 
photographs that show high! ignified de- 
tails of crystal structure. 

times greater than that c ordinary 


metal, which is known for its plasticity 
and lack of strength. No practical appli- 
cation has yet been found for this new 
tin; yet such applications have been 
found for ruby fiber, which can today 
be grown with a tensile strength double 
that of the strongest steel used in mak- 
ing steel cable. Tensile strengths as high 
as 1,400 kg/mm? (about 2,000,000 psi) 
have been attained in laboratory speci- 
mens; these crystals are almost five times 
as strong as the strongest steel used in 
cable. Today these fibers are used HR 
produce plastic laminates with fiber rein- 
forcement. The strength of these lami- 
nates exceeds that of any metal, yet their 
weight is considerably less. . 

The study of crystal growth thus has 
paved the way to a new science that 
examines and produces materials of truly 
exceptional strength. 


DENDRIT!' ROWTH (WHISKER)—In certain 
cases the i! growth can be brought to a 
halt or lir by the presence of impurities. 
The impu will stop the growth at certain 
points, à: growth can then proceed only 
in a par direction. Note the rectangle 
ABCD o! surface, where a spiral growth 
is taking A poisoning phenomenon has 
occurred ; the line AD of the step; this 
means $ mpurities have been trapped 
here anc » have prevented the face of 
the step extending in a horizontal di- 
rection. jisoning has been sufficient to 
ensure ti : growth will continue only on 
the more cted face ABCD. A very thin 
crystal w v develop on this face, but it 
can grov in extremely great length. A 
crystal í in this manner is generally 
called a te or whisker. The characteris- 
tic featur his type of crystal is that it is 
almost c | of the particular defects of 
crystallin cture responsible for plasticity. 
It therefc ossesses the mechanical prop- 
erties the ory predicts for perfect crystal- 
line sub. ^s. These properties are not 
always d however, in some instances 
they car ry useful, especially when they 
produce onal strength. 


GROWTH BY NUCLEATION—Dislocations are 
Not the only type of crystalline defect that 
Panne the growth of the crystalline faces. 
he phenomenon of growth also can be pro- 
moted by the formation on the faces of the 
aetal of particular structures called nuclei. 
he nuclei draw their origin from a defect 


that causes atoms to cluster around it in the 
manner illustrated. Step faces are formed on 
the surface, permitting the crystal germ to 
extend in a horizontal direction. For the 
growth of the crystal to proceed even 
further, it is necessary for another germ to 
form on one of these layers. These illustrations 


show how various nuclei are formed 
ent faces of a cubic crystal: on fi 
(Illustrations 6a and 6b); on faces d 
tration 6c); on faces 111 (Illustratioi 
6e). In all cases the growth will ocd 
faces of the step that are shadd 
darker color. 
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THE BIR EEL OD SN 
MONOCRYSTAL | perfection from chaos 


Some of the finest free-form art in the 
world can be observed through a micro- 
scope. Nature has a way of fashioning 
aesthetically appealing combinations of 
matter that can be observed by the per- 
son who knows where and how to look 
for them, Crystals are a case in point, and 
their formation in itself is an absorbing 
subject of study. 

Most solid substances consist of a mo- 
saic of crystals. These crystals are appar- 
ent in igneous rocks, for example, where 
the granular structure can be clearly seen, 
However, other substances, metals for in- 
stance, do not display their crystalline 
structure as clearly as igneous rocks even 
though they, too, are made up of crystals. 
For example, the type of brass used for 
door handles is made up of different crys- 
tals, yet the naked eye can detect nothing 
that suggests that its structure resembles 
that of granite. The crystalline form of 
metals becomes evident only when they 
are treated in a suitable manner and then 
examined under a microscope. 


POLYCRYSTALS AND 
MONOCRYSTALS 


The crystals of a piece of granite are 
made up of various substances. The three 
most common types are quartz, feldspar, 
and mica. They can be distinguished 
quite easily when a piece of granite is 
examined, If a block of paraffin is broken, 
the surface of the fracture discloses many 
crystals; however, all these crystals are 
made up of the same substance: they are 
not three chemically different substances, 
Because granite and paraffin are com- 
posed of many individual crystals, they 
are said to be polycrystalline substances. 
If the crystals found along the fracture 
surface of the paraffin are examined, it 
will be found that each of these crystals 
can be defined as a true monocrystal. The 
term monocrystal means that the lattice 
planes throughout the volume of the crys- 
tal are all parallel to each other. How- 
ever, the entire block of paraffin is not a 
monocrystal because it is made up of a 
large number of crystals. Unless special 
precautions are taken, a polycrystalline 
aggregate will always be obtained when 
a substance is solidified from the liquid 
state; seldom will a single crystal form 
from the whole mass of the solidifying 
liquid. 


THE ISOLATED MONOCRYSTAL 


A monocrystal taken from a mass of par- 
affin was formed by the solidification of a 
certain quantity of liquid. The cooling of 
the liquid first led to the formation of a 
tiny crystal; the molecules of this crystal 
gradually were joined by others, and the 
crystal thus continued to grow as long as 
it was surrounded by liquid paraffin. 

At a certain point, however, a further 
increase in the volume of the crystal was 
prevented by the presence of other crys- 
tals growing in the same manner. The 
final form of each crystal was thus deter- 
mined by the manner in which it man- 
aged to grow in the limited space left to 
it by its neighbors. The crystal would 
have displayed quite a different form if 
it had been allowed to grow freely. This 
form would have been regular, not ir- 
regular as it was found in the mass of 
paraffin; also, it would have been the 
typical form associated with this particu- 
lar substance. 


CRYSTALLIZATION 


Nature offers examples of crystallization 
in the form of both monocrystals and 


polycrystals. Igneous rocks show poly- 
crystalline crystallization; on the other 
hand, a large quartz crystal with its char- 
acteristic form is an example of a mono- 
crystal. 

The formation of a monocrystal from 
a solution or melted material, either by 
evaporation of the solvent or by cooling, 
leads to an interesting discovery: the re- 
sulting substance is purer than the one 
that formed the liquid. In fact, while the 
crystal is growing from the liquid sur- 
rounding it, the atoms or molecules sepa- 
rate from the liquid in order to join those 
that are already properly arranged in the 
crystalline lattice of the solid. Only the 
atoms or molecules of the substance that 
forms the solid are attracted by the co- 
hesive forces of the crystal. The forma- 
tion process of the crystal may, therefore, 
be said to constitute a kind of purification 
process of the liquid. Obviously the im- 
purities in the liquid will become more 
and more concentrated as the liquid so- 
lidifies. If the crystal is removed from the 
liquid before the solidification process is 
completed, the result is a crystal in the 
pure state. 

For this reason, whenever it is neces- 
sary to obtain substances with a high de- 


A POLYCRYSTALLINE AGGREGATE OF SODA 
ALUM, NaAI(SO,); - 12H,0 — These crystals 
were obtained by normal crystallization using 


a saturated solution at a temperature of about 
70° C (158? F). 


gree of purity, they are made to crystal- 
lize in the ‘orm of a monocrystal. One 
such sub ice is germanium, a material 
used in nanufacture of transistors. 
In ot! ises it is necessary to obtain 
polyery: Many scientific and techni- 
cal act require the crystallization 
of certa stances in the form of poly- 
crystal! :sregates. For example, a 
polyery end product is obtained 
when s s extracted from sugar beets; 


"fined sugar. In such cases 
it to make certain that the 


crystal] takes place so that a large 
numbe: ystals are formed, each of 
which ily limited possibilities of 
growt! 

THE ! RATION OF 

MON‘ STALS 

Since ; nonocrystals can be obtained 
rather rom a solution of soda alum, 
this su will be used in the follow- 
ing ex \t. Soda alum, whose chem- 
ical fi is NaAl(SO;4)2:12H:0, is 
obtain om drugstores and other 
outlet chemical products. 

Firs rated solution of this salt 
must ined. Soda alum is a highly 
solub! hen it crystallizes from so- 
lutions he form in which it is nor- 
mally mmercially ), its molecules 
form that also contain water 
moleci their lattices. It is therefore 
said tl talline soda alum contains 
water : tallization. This water is so 
abund: iat soda alum will melt when 
it is he: o no more than 61? C (about 
142° F tly speaking, the soda alum 
does not melt; it is more correct to say 


that the sodium and aluminum sulfates 
dissolve in the water of crystallization. 

Soda alum is highly soluble in water, 
of course; in fact, water can dissolve a 
quantity of soda alum in excess of its own 
weight. 

Therefore, the alum (200 g, for exam- 
ple) in a half glass of water must be dis- 
solved at a temperature not exceeding 
40°C (104*F). The alum has to be 
added to the water very slowly, until it is 
obvious that it no longer dissolves and a 
saturated solution is obtained. Great care 
Is necessary: the liquid must be saturated 
while it is hot; the solubility of salts will 
usually increase as the temperature in- 
creases, 

Next, all the crystals that did not dis- 
solve must be extracted from the solu- 
tion, which is then left to cool slowly to 
room temperature. As the temperature of 
the solution drops, crystallized alum will 
become visible on the walls of the recep- 
tacle. Careful observation will disclose 
that here and there on the walls and bot- 


tom of the receptacle (a heat-resistant 
beaker) a large number of crystals have 
formed. As the temperature continues to 


fall, these crystals will increase in size 
and number (Illustration 1). 
The lowering of the temperature has 


MONOCRYSTALS OF SODA ALUM—The regu- 
larity of the octahedrons, shown below and 
in Illustrations 5 and 6, depends on the pre- 
cautions taken during the crystallization. The 
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form of the monocrystal depends on that of the 
germ. The crystal in Illustration 6 is dispro- 
portionate because some faces have grown 
more than others. 


A PERFECT OCTAHEDRON OF CHROME 


ALUM, K2S0, + Cr2(SOz)3° 24H;,0—There is no 


doubt that this crystal belongs to the cubic 


system. The light spots on the surface are due 
to the chrome combining with the oxygen in 
the air to which the crystal has been exposed. 


caused the saturated solution to become 
supersaturated with salt, and the salt, 
therefore, begins to deposit in places 
congenial to crystallization. 

What this means is that the crystalliza- 
tion begins where the salt molecules can 
attach themselves to some impurity in 


THE GERM STARTS THE CRYSTALLIZATION 
—4f a small alum crystal obtained from a pre- 
vious crystallization is placed at the bottom of 
a beaker containing an alum solution (Illus- 
tration 4), a monocrystal will form, providing 
the solution is allowed to cool slowly and 
gradually. 


4 


90 


the water or to some practically invisible 
unevenness in the walls of the receptacle. 
The rapid decrease of the temperature 
forces the molecules to find a large num- 
ber of points where they can attach them- 
selves and begin the process of crystalli- 
zation, 


OBTAINING A MONOCRYSTAL 


The purpose of the experiment, however, 
is to obtain a single monocrystal. To avoid 
conditions that lead to the formation of 
a large number of crystals, a certain pro- 
cedure must be followed. 
In the first place, a pure solution is es- 
sential. If the salt is dirty, the solution 
will have to be filtered to remove the im- 
purities, This can be done with a funnel 
and a piece of cotton wool. The beaker 
should have very smooth and completely 
clean walls. Also, the temperature must 
be maintained at a constant level to al- 
low the liquid to evaporate. Lastly, a 
crystalline “germ” (Illustration 4) must 
be introduced. If the first crystal is per- 
mitted to form spontaneously from the 
solution, many crystals may form and 
some of them will appear on the walls of 
the beaker in undesired positions. It is 
better to use a crystal previously removed 
from the solution on the bottom of the 
beaker. For best results the crystal should 
be suspended from a thin metal wire, for 
then the molecules will find it easier to 
attach themselves to this crystal than to 


form some other germ of growth some- 
where else in the liquid, 

Alum crystallizes in octahedrons. Pure 
and transparent alum octahedrons (I- 
lustrations 5, 6, and 2) can be obtained 
provided (1) the solution has been suf- 
ficiently purified and (2) the tempera- 
ture can be kept constant and the evapo- 
ration continuous. 


During the crystallization process, other 
growth centers may form, leading to the 
formation of other crystals. However, this 
is not a serious mishap, for if they grow 
very much they can be carefully removed. 

The form of the “germ” introduced will 
determine whether or not the crystals ob- 
tained are similar to ordinary octahe- 
drons. 


CRYSTAL-S TROC TUORE | OSA oc 


In order | understand and describe the definition of the fundamental Bravais fore, deals mainly with the lines of analy- 
many f. hat crystal structures take, lattices, of which only 14 exist. The dif- sis required for the interpretation of the 
it is nec v to proceed from the atomic ficulties mount when the researcher ad- complex crystal forms. The first consider- 
level, d ering the simplest ways in vances from the simplicity of the Bravais ation is that the Bravais lattices are noth- 
which ıl lattices can take shape. lattices to the forms of the more common ing other than crystal lattices or spatial 
This lin investigation leads to the crystals. The following discussion, there- designs that, in real crystals, regulate the 
arrangement of the molecules of which 
THE ST “/URE OF MAXIMUM DENSITY— around the atom. Consequently, there are no these crystals are composed. Therefore, 
Dee E typical of the crystalline state problems involving the arrangement of the itis necessary initially to review the con- 
of those ;ntary substances held together atoms in preferential directions. The struc- a » j: 
by forces : metallic, or the Van der Waals, ture formed in all these cases will be the Sr ee and SCRE A base is the 
types. densest possible; that is, the structure in Moecwe orming a particular substance 
These <, especially the ones of the which the atomic spheres arrange themselves by virtue of the arrangement of the atoms 


metallic 


so that residual space will be at a minimum. 

Two possible arrangements achieve the 
minimum space when the spheres are identi- 
cal in size. The first of these is the face- 
centered cube. The base in this particular 
case consists of a single atom, and the lattice 
will, therefore, present itself in the simple 
form shown in Illustration 1a. If a certain 
volume is filled with spheres arranged in this 
manner, they will occupy 68.5 percent of the 
total volume. In this arrangement, therefore, 
the atoms fill about two thirds of the available 
space. 

Another arrangement of atoms succeeds in 
filling the available space even more closely 
—the hexagonal close-packed arrangement. 
Illustration 1b shows how the atoms are ar- 
tanged in such a configuration, which is gen- 
erally referred to by the abbreviation hcp. 
In this structure the atoms fill 74.1 percent of 
the available space. It should be noted that 
many elements conform to this arrangement 
of the atoms in the crystal. Other elements 
crystallize in a different way, but they re- 
crystallize when they become subject to ex- 
ceedingly high pressures, arranging their atoms 
according to the hcp pattern. When the sub- 
stance has recrystallized in this different form 
it has a much greater density. 

Illustration 1c helps clarify the concept of 
how the atoms are arranged in the hcp lattice. 
The atoms are shown here in their correct 
relative positions, but they are represented by 
spheres that are drawn out of scale—smaller 
than they should really be. 
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of which it is made up, while the lattice 
represents the position in which the 
bases fix themselves, one at each point of 
the lattice structure. 

While the Bravais lattices are limited 
in number to 14, innumerable bases exist, 
even if the research is confined to con- 
sidering only the elements, excluding all 
chemical compounds. In fact, not all the 
elements have the tendency to associate 
their atoms in the solid state with the 
same simplicity that characterizes such 
metals as gold, copper, or platinum. Such 
metals as uranium, for example, have 
molecules comprised of large numbers of 
atoms, and each of these strange mole- 
cules constitutes a base of an exceedingly 
complicated structure. 

The complexity of crystal structure 
quite obviously increases if research is 
expanded to include the bases of inor- 
ganic substances; that is, of the more 
common minerals. At times these bases 
can be constituted by molecules with 
very few atoms, such as sodium chloride. 
However, the molecules can also be made 
up of a very large number of atoms, as is 
the case with certain complex minerals, 
such as the vanadates and many others 
comprised of elements with very high 
valences. 

Great complexity is also commonly 
found in compounds with molecules 
bound together in chains. The silicates, 
for example, are made up of molecules of 
rather modest dimensions, generally con- 
taining only a few atoms. However, these 
molecules have a tendency to be linked 
in chains. Thus, in studying these crystals 
it is important to take into account the 
chain bond when considering the overall 
structure, The greatest complexity is 


THE DIAMOND TYPE—To understand how the 
structure of a diamond is formed, the Bravais 
lattice of the face-centered cube should be 
used as a starting point, with consideration 
being given to each position to be occupied 
by a base consisting of two identical atoms 
(in the case of the diamond these will be 
carbon atoms). This pair of atoms is not in 
all cases arranged with the same orientation: 
in the various positions of the lattice the pair 
is orientated in such a way that the second 
atom (the first atom occupies the exact lattice 
position) takes up its position wherever it is 
possible for it to become housed in an inter- 
stitial space of suitable dimensions. This illus- 
tration shows just one cubic cell, with a total 
of 18 atoms—14 arranged at the corners and 
at the centers of the faces, and four within 
the body of the cube. These latter are in addi- 
tion to the normal complement of a face-cen- 
tered cube. It is right that there should be 
four other atoms completely inside the cell: for 
each atom placed on the lattice itself there 
is one (and only one) inside the cube to form 
the double base. The pairs are then arranged 
in such a way as to obtain the characteristic 
tetrahedron arrangement shown in a darker 
shade of blue in one of the corners of the 
cube. Carbon is not the only substance that 
crystallizes with the diamond structure. Sili- 
con, germanium, and gray tin crystallize with 
the same structure, and so do a number of 
minerals. 


THE STRUCTURE OF SPHALERITE—Sphaler- 
ite (zinc blende) crystallizes with the same 
Structure as the diamond, with the only dif- 
ference being that the double base does not 
consist of two identical atoms but of two 
different ones, zinc and sulfur. In this illustra- 
tion they are symbolically represented by 
yellow spheres for sulfur and gray ones for 
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zinc. It should be noted that the structures 
of the diamond and of sphalerite are obtained 
by means of two staggered face-centered 
cubes, displacing them along the diagonal 
by one fourth of its length. 

Many other crystals also possess the same 
Structure. Among these are CuF, CuCl, Agl, 
ZnSe, CdS, InAs, InSb, SiC, and AIP. 


found among the orga: ibstances, 
because the molecules o: we large 
dimensions. However, thi ubstances 
are not relevant to this ssion be- 
cause the magnitudes that rmine the 
properties of the aggregate “pend to a 
far greater extent on the ds of the 
various atoms that constituie the mole- 


cule than on the arrangement of the 
bases in the crystal lattice. The bonds 
that keep these very large molecules 
unified to form a complex crystalline solid 
are the product of a large number of 
atoms of one molecule being brought 
close to those of the adjacent molecules. 
Often these bonds are relatively weak, 
resulting in low fusion points. More- 
over, these solids are often defective— 
and this characteristic, together with the 
weakness of the bond, produces a high 
degree of plasticity. Therefore, the study 
of the complexities of the organic sub- 
stances goes beyond the immediate scope 
of this discussion, which is concerned 
with the less complex inorganic struc- 
tures. Thus, this article is aimed mainly 
at clarifying the concepts connected with 
crystal structures, as a prelude to the 
study of the properties of imperfect 
crystals. In fact, the greater part of the 
properties of the crystals depends on 
their imperfections and not merely on 
their structures. However, before study 
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OF CESIUM AND SODIUM— 
ations clarify the body-cen- 
»centered cube structures. 
base consists of a pair of 
ule of the substance. The 
ent diameters; in these il- 
are also distinguished by 
ior. In both cases it is quite 


WITH A TRIATOMIC BASE— 
omes complex, the crystal- 
omes more complicated. 
principles already formu- 
e make it easier to under- 
omplex crystals are struc- 


ı lace-centered cubic struc- 
mic base. The illustration 
n atoms in the positions on 
‘ra they are also to be found 

for each calcium atom 


easy to see that the parity between the atoms 
of the two components of the molecules is 
respected. 

In the case of cesium chloride (Illustration 
4a), this is particularly obvious because there 
are very few atoms: 8/8 at the corners and one 
at the center of the cube. The calculation is 
rather more complex in the case of sodium 


there are two fluorine atoms (fluorite is, in 
fact, nothing more than calcium fluoride, CaF;). 
In order to determine the correctness of the 
ratio, it is necessary to count each atom in 
the lattice positions as the fraction that is due 
to it by virtue of its position. The calcium 
atoms in the illustration have not been split 
up on this basis, but it is quite readily seen 
that the ratio between calcium and fluorine 
is 1:2 (four calcium atoms in the lattice posi- 
tions and eight fluorine atoms inside). 


chloride (Illustration 4b), because in this case 
it is necessary to determine the fraction of the 
atom that must be counted. The illustration 
shows exactly how each atom is split up in 
order to obtain parity between the two kinds, 
as required by the molecule. 


of the imperfections, it is necessary to 
analyze the structures of crystals as they 
would be if they did not contain these 
important characteristics. 


TWO FUNDAMENTAL 
PRINCIPLES 


Once the concept of the crystal lattice 
and the concept of a base have been 
clarified, it is possible to understand a 
number of principles governing the man- 
ner in which the base arranges itself 
within the lattice to form the crystalline 
structure. 

No exceptional intuition is needed to 
understand the principles by which the 
crystalline bases can arrange themselves 
in a lattice. The first principle is that of 
achieving the minimum volume. For ex- 
ample, imagine a model in which the 
molecules consist of small spheres glued 
together. If these spheres are placed close 
to each other in such a way as to fill the 
lattice, it does not by any means follow 
that a parallel arrangement will be the 
best one. Generally, more than one cell 
must be taken into consideration in order 
to find a periodic pattern in the struc- 
ture. The bases will generally arrange 
themselves in such a way as to leave a 
minimum interstitial volume. 

The second principle requires the 
bases to respect the orientation of their 
internal bonds when they come to ar- 
range themselves close to one another. 
These bonds are the forces that keep the 
atoms of the molecule close to one an- 
other. They act along well-defined pat- 
terns, and are certainly not arranged at 
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VERY COMPLEX STRUCTURES— These three 
illustrations show just how rapidly the com- 
plexity of the crystalline structure increases 
When the molecules serving as bases become 
more complex by virtue of the fact that they 
contain a larger number of atoms. 

The first structure (Illustration 6a) is that 
of perovskite, the titanate of calcium (CaTiO;). 
The base in this case is a relatively simple 
one, but it is, nevertheless, quite sufficient to 
produce crystallization in a pseudocubic 
orthorhombic or monoclinic lattice. The illus- 
tration shows the arrangement of several 
cells, making it easier to understand the ar- 
rangement of the atoms in the structure. 

The greater complexity of the spinel struc- 
ture shown in Illustration 6b is due to the 


greater number of atoms in the base; in fact, 
the formula for the spinel molecule is 
MgAI;O,. The magnesium ions, each sur- 
rounded by four oxygen atoms, occupy the 
vertices of the tetrahedrons; the aluminum 
ions, on the other hand, are located at the 
vertex of a tetrahedron and are surrounded 
by six oxygen atoms (these may be the same 
ones that surround the magnesium ions). 

Illustration 6c shows an even more com- 
plicated structure—that of jarosite, a sulfate 
of iron and potassium. The formula is a com- 
plicated one, KFe:;(SO.);(OH),, and the struc- 
ture of the crystal, therefore, is correspond- 
ingly complicated. Nevertheless, it can be 
interpreted in the manner shown above. This 
is a ditrigonal pyramidal cell. 


random. The bases, therefore, tend to 
take up positions that will enable the 
atoms to arrange themselves in a manner 
where the cohesive forces will be linked 
in the most natural way. In practice, 
however, the structure will be based on 
a compromise between the need for at- 
taining the minimum volume and the 
need for having the bonds arranged ac- 
cording to their correct orientation. 
Thus, the knowledge of the structures 
can be used as a starting point for €x- 
tending the study in two directions: an 
examination of the properties of the 
imperfect crystals, and a study of the 
macroscopic crystalline forms. 
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imes would have had a fas- 
vith the crystal lattice. The 
val detective was a wizard 
iscoveries through the pro- 
tion. His prowess would 
m in good stead in the 
ils. Much of such study 
the atoms within crystals 
in some regular pattern. 
to understand how these 


OTHESES ON THE CONSTI- 
STALS—A few centuries ago, 
of the basic properties of 
ially their flaking, regular geo- 

j symmetry—suggested that 

ade up of some particularly 
ric base elements. For ex- 
» times an examination of the 
ted here may well have led to 
a cubic crystal could be made 
er of microscopic cubes of 
tance as the large crystal, and 
were placed side by side and 
by forces weaker than the in- 
the substance itself. This sub- 
;0t proceed ad infinitum, but 
he constituent element of the 

that is, the so-called integral 
» destruction would also lead 
on of the chemical compound. 
on crystal structure was put 
French mineralogist R. J. Haüy 
ed the concept of the con- 
At that time, in fact, it was 


atoms are arranged, although the subject 
will be simplified as much as possible. 
While limiting further study to the 
theoretical field, this article focuses on a 
continual development of knowledge 
concerning the crystalline state. At the 
same time, a Holmes-like effort will be 
made to understand how the regular 
patterns of the atoms can be deduced 
from the characteristics of the crystals. 


believed that matter completely filled the 
space occupied in a continuous manner; dis- 
continuities observed in the flaking and growth 
of crystals were simply attributed to the weak 
bonds that united the elementary portions 
that, it was thought, made up the crystal. 
Haüy thus believed that other crystals con- 
sisted of elements with forms similar to the 
form of the complete crystal. Later, when the 
atomic theory of matter was taken up again, 
scientists began to think that crystals, like 
gaseous or liquid matter, might have a dis- 
continuous atomic structure. The atoms that 
took part in the combinations of the sub- 
stances resulting in various types of com- 
pounds obviously had to be the same atoms 
that formed the crystals. The crystals could, 
therefore, be imagined as groupings of atoms, 
either in contact with each other or separated 
by empty spaces. However, before a clear 
idea of the nature of crystal lattices can be 
obtained, some fundamental properties of two- 
dimensional lattices must be examined. 


the discovery of the 
elementary cell 
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PLANE CRYSTAL LATTICES (GRIDS)—Illus- 
tration 2a shows the construction of a plane 
lattice, or grid. Two Cartesian axes are drawn; 
the plane defined by the axes is then sub- 
divided into squares of equal size. At the 
corners of the squares, small circles are drawn 
to represent the positions of the atoms. The 
names for the parts of this grid are intuitive. 
(The squares could be lozenges if two non- 
orthogonal axes are used.) The circle points 
are the nodes of the grid, and each square is 
a mesh. One mesh, for example, is formed 
by ABCD; it is a simple square. However, a 
mesh can also be constituted by the points 
ABEF. This mesh is a parallelogram whose 
area is equal to that of the square. 

An important property of the meshes is the 
fact that they can be used to construct a com- 
plete grid by placing them side by side. Illus- 
tration 2b shows a grid made up of a large 
number of square cells. 

The grid can also be constructed by repeat- 
ing the rhomboidal mesh (Illustration 2c). This 
mesh is obtained by juxtaposing rhombuses 
rather than squares, Other types of meshes 
are possible—for instance, the mesh formed 
by GHIK (Illustration 2a), which is once again 
rhomboidal, but longer than ABEF. Another 
mesh would be HLMN. This mesh not only has 
a larger area than the others so far described 
but also encloses two nodes of the grid. Of all 
the possible meshes, the square ABCD has 
the minimum area and the simplest form. For 
this reason the square is called the elementary 
mesh; when a grid is imagined it is conceived 
as being formed by elementary meshes. 
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LATTICE, BASE, AND CRYSTAL STRUCTURE 
—In the preceeding illustrations, it was stated 
for the sake of simplicity that the atoms in real 
solids can be found at the indicated points of 
a lattice or at corresponding points of more 
complex lattices. This is true, however, only 
in the case of chemical elements. A more 
complex formula is used In the case of com- 
pounds, 

This space lattice (Illustration 4a) consists 
of points distributed in space. (For the sake 
of simplicity, only the points situated in one 
plane are shown.) The points mark positions 
that follow a regular pattern. The term Space 
lattices, however, also is used for plane lat- 
tices whenever they indicate the position of 


the centers of the atoms that are to be found 
in one and the same plane. 

A crystal of a substance consisting of poly- 
atomic molecules can be perfectly described 
only if the respective positions of the atoms 
are shown in the molecules. Crystallography, 
in fact, defines the position the atoms assume 
in a molecule when arranged with others to 
form a crystal. This molecule is said to con- 
stitute a base, such as the one shown in Illus- 
tration 4b. 

The crystalline structure of a real solid con- 
sists of an arrangement of bases at the nodes 
of a space lattice (Illustration 4c). In each of 
these points the center of gravity or the geo- 
metric center of a base can be found, and as 
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COUNTING THE ATOMS IN A CELL—A num- ever, if the number of atoms in a cell is put 5d shows two adjacent face-centered cubes. 
of precautions must be taken when counting at eight, the answer will be wrong; this is due To determine what fraction of an atom be- 
the atoms that form a crystal lattice. These to the fact that an atom placed at the corner longs to a cell, it is necessary to take into ac- 
precautions are illustrated here. of a cell also forms part of all the adjacent count how this atom is subdivided between the 

A fairly large number of cells are shown in cells, and each atom must be counted only cell under consideration and the adjacent 
this normai cubic lattice (Illustration 5a). once. cells. In the case of a face-centered cube, 


Since an elementary substance is being con- Illustration 5c shows how the atoms of an the conclusion is that it consists of four atoms. 


sidered, the node points of the space lattice elementary cell must be counted. Eight cubic One of these atoms is obtained from the eight- 
eighths of an atom placed at the eight cor- 


are occupied by bases that consist of just cells make up a larger cube. The atom at the 
one atom. center of this larger cube is shown split into ners of the cube; the other three are obtained 
Illustration 5b shows the elementary cell eight equal parts; each part belongs to one from the six atoms placed at the centers of 
of the space lattice in the previous illustra- of the eight elementary cells that meet at the the cube's six faces, for half of each of these 
tion. The cell is merely one of the many cubes point in which the atom is situated. Since the atoms belongs to the cell under consideration, 
that constitute the more complex structure of structure being considered is made up of while the other half belong to the adjacent 
the complete lattice. This cube has eight cubes, each elementary cell possesses only cell. 
atoms, one at each of its corners. Can it there- one-eighth of an atom at each of its corners. Analogously, it can be seen that a body- 
fore be assumed that the elementary cell con- The number of atoms belonging to the ele- centered cube consists of only two atoms. 
tains eight atoms of the substance? The an- mentary cell is, therefore, made up of eight- Once again, there are the eight-eighths of an 
swer is no, The crystal in Illustration 5a con- eighths of an atom; that is, one-eighth of an atom at the eight corners of the cube, plus 
sists of 64 cells; the total number of atoms atom at each of the eight corners ofthe cube. one atom at the center. This central atom 
in the crystal should be equal to the product In the case of a face-centered cube, the does not have to be subdivided and shared 
of the number of atoms in each cell, multiplied atoms situated at the centers of the faces be- with adjacent cells because it is completely 
by the number of cells in the crystal. How- long to only two adjacent cells. Illustration separated from them. 
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BRAVAIS SPACE LATTICES | 


The atoms forming crystalline solids— 
solids that include practically all metals, 
minerals, and alloys—are arranged in 
simple and regular patterns called crystal 
lattices. The starting point of the study 
of crystallography is the analysis of the 
rare types of symmetry of crystal lattices, 
for many of the laws of crystallography 
depend on simple properties of the geom- 
etry of symmetrical movements. Imagine 
having to cover a pavement with a mo- 
saic of small tiles. The tiles must be 
placed in perfect contact with each 
other, without leaving any spaces or 


SYMMETRIES OF THE CUBE—The operations 
of symmetry to which a cube may be subjected 
are as follows: 

Three planes of symmetry parallel to the 
face of the cube can be drawn (Illustration la). 
To better visualize this phenomenon, imagine 
a mirror placed in the plane. The mirror Image 
of one half of the cube will correspond exactly 
to the other half. No other planes parallel to 
the faces of the cube exist in this situation, 

As many as six diagonal planes of symmetry 
can be drawn (Illustration 1b). Each plane has 
a different orientation from the others. 

Illustration 1c shows the three axes of sym- 
metry of a cube. Each of the axes passing 
through the center of the cube is perpendicu- 
lar to the two faces it crosses. The small 
‘Squares at the ends of each axis indicate that 
the cube can be rotated through 90? and still 
Occupy the same original space. Because 
there are four such rotations in a full turn, 
this type of axis is known as quaternary. 

The cube also possesses four ternary axes 
of symmetry, represented in Illustration 1d by 
segments. The triangles at the ends of each 
axis indicate that three rotations of 120° can 
be made about these axes, each of which will 
leave the cube occupying exactly the same 
space as before. 

Illustration 1e shows six binary axes of sym- 
metry. Two rotations of 180° can be made, 
each of which brings the cube back to its 
original position. The extremities of these 
axes are therefore marked with a symbol hav- 
ing two points. 

Illustration 1f shows all the axes of sym- 
metry that a cube may have. Each axis is 
marked to indicate its type: binary, ternary, or 
quaternary. 

A cube has a center of symmetry. A poly- 
hedron has a center of symmetry when all the 
Straight lines joining opposite equivalent ele- 
ments pass through the same point, and when 
each such line is bisected by that point. 


without splitting any tiles. The number 
of possible combinations will depend on 
the elements of symmetry of the tiles. 
While crystal lattices are more complex 
than tiles-the unit cells being three- 
dimensional rather than two-dimensional 
—the analogy is nevertheless a useful 
one. 

There are 14 basic types of crystal 
lattices, called Bravais space lattices after 
Auguste Bravais, the nineteenth-century 
French physicist who first gave a com- 
plete description and classification. of 
these structures. 
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THEORY OF GROUF: 


Crystallography employ 
advanced branches of 

theory of groups. In : 
better what is involve 
imagine a cube placed : 
its sides are parallel to 
tabletop. Considering o 
figure of the cube, it i: 
cube can be rotated th 
or 270° and still occup: 
it did at the beginning 


the microcosm of 
crystal structures 


D THE 


of the most 
matics, the 
? visualize 
his theory, 
ble so that 
ides of the 
geometric 
us that the 
90°, 180°, 


same space 
changes in 


THE 14 BRAVAIS SPACE LATTICES—The 
number of ways in which the bases of crystal- 
line structures can arrange themselves to form 
cells is limited to 14 (see p. 100). Identification 
of each cell is given below. 


the position of the cube are known as some other operation of the group or, r 
operation otations are only one of the alternately, by the application of pte Nis ED. i Gane s 
operatio: at can be performed to other operations of the group. The rota- |"primitive"). Its dimensions are determined 
change !! entation of the cube with- tion of a cube through 180°, for example, by the length of one of its three identical sides. 
the position of its corners can also be obtained by two successive e porn pr aioe oen 
and fac: th respect to the table on rotations through 90°; thus, the applica- | A variation of the simple cube is the body- 
which it The total operations that tion of these two successive operations centered cubic lattice (Illustration 2b), called 
z A Cube I. Because the additional base is at the 
can bep d constitute a group. The leads to the same result as the applica- |geometrical center, the outline of the cell is 
number -ations in a group may be tion of the first operation. This restric- | unchanged. Its dimensions are determined by 
limited « € 5 TS : omg PS CETERI C ETOUPS ping obla dic lalis (Illustration 
If cer perations are to form a consisting of a finite number of opera- |c) is known as Cube F. Its dimensions can 
group, tl essive application of two tions, while other groups may be made |be determined by the length of one of the 
operatio t lead to a result that can up of an infinite number of such opera- three fundamental sides, because side a = 
also be ved by the application of tions. sioe p aa ono lattice—Ortho- 


rhombic P (Illustration 2d)—is composed of 
three unequal sides: a, b, and c. The lengths of 
all three sides must, therefore, be determined 
in order to identify the cell. Because the three 
sides are perpendicular to each other, it is not 
necessary to specify the angles between them. 

The base-centered orthorhombic lattice— 
Orthorhombic C (Illustration 2e)—has an addi- 
tional atom or molecule at the center of its 
base and top. 

The body-centered orthorhombic lattice— 
Orthorhombic | (Illustration 2f)—has an addi- 
tional base at the center of the body. 

The face-centered orthorhombic lattice— 

Orthorhombic F (Illustration 2g)—has an ad- 
ditional atom or molecule at the center of all 
the faces—base, top, and sides. The basic, or 
primitive, structure in each class is always 
characterized by the letter P; the base-cen- 
tered variant by the letter C; the face-centered 
variant by the letter F; and body-centered var- 
iant by the letter I. 
The simple triclinic lattice (Illustration 2h) 
is characterized by the letter P; however, its 
three sides are of different lengths, and the 
three angles also differ. Six numerical values 
are, therefore, involved in its description. 

The trigonal or rhombohedric lattice (Illus- 

tration 2i) is known alternately as Trigonal R 
and Rhombohedric R. While the sides and 
angles are equal, the angles are not right an- 
gles and must, therefore, have a value of less 
than 120°. 
The base of the simple hexagonal lattice— 
Hexagonal P (Illustration 2j)—always consists 
of a regular hexagon. To describe this cell, the 
length of a side of the base and the height 
must be known. The Hexagonal P may be a 
complete hexagonal prism, or a prism on a 
rhomboidal base as shown in the illustration, 
which constitutes one third of the complete 
structure. 

The simple monoclinic lattice—Monoclinic P 
(Illustration 2k)—has three different sides. 
The base is rectangular, and the cell takes the 
form of an oblique prism; it is, therefore, nec- 
essary to specify the length of the three sides 
and the angle of inclination. 

Monoclinic C (Illustration 2I)—the base-cen- 
tered variant of the monoclinic lattice—is de- 
scribed by specifying the same elements as for 
Monoclinic P. 

The simple tetragonal lattice—Tetragonal P 
(Illustration 2m)—is an orthogonal prism on 
a square base. Its dimensions are determined 
by the length of the side of the base square 
with the height. 

The Tetragonal | (Illustration 2n) is the 
base-centered variant of the tetragonal lattice. 
Its dimensions are determined by figuring the 
length of the side of the base square with the 
height. 
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THE MECHANISM CONTROLLING THE MOVE- 
MENT OF THE CRUCIBLE—In the Bridgman 
method, the crucible is made so that it de- 
scends from the hot to the cold part of the 
furnace. This is necessary because the ma- 
terial fuses in the hot area and then solidifies 
in the cold area. The descent must take place 
very slowly; the speed, for example, may be 
as slow as 1 m (about 3 ft).in 12 hours. The 
exact speed, however, is determined by the 
nature of each particular experiment. The 
problem here is how to obtain such a slow 
movement. 

An old alarm clock with either a spring 
winding or an electrical movement is used. 
The shaft of the minute hand is extended; on 
this extension a pulley of suitable diameter is 
mounted. The pulley sustains a flexible cable 
(such as a piece of string) to which the sup- 
porting frame of the crucible is attached. 
Since the shaft of the minute hand makes one 
complete revolution per hour, the speed of the 
descent of the crucible depends on the di- 
ameter of the pulley attached to the shaft; for 
example, if the pulley has a diameter of 3 cm 
(about 1 in.), the descent will take place at a 
speed of about 10 cm (about 4 in.) per hour. 
However, since the clock mechanism is in- 
capable of developing much torque, the weight 
of the crucible may be partly compensated for 
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US NEEDED—In order to ob- 
als from fused materials, an 
is essential. However, a num- 
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ing monocrystals. This method 
ling a crucible with the sub- 
ystallized, and then passing it 
the furnace, first through the 
the material fuses, and then 
id part where crystallization 


THE CRUCIBLE AND ITS SUPPORT—The 
choice of the crucible is important to the suc- 
cess of the experiment. The ideal crucible 
would be made of platinum, which is far too 


As for \ifications of the furnace, a hole | | cost " 
oar) : y for a demonstrative experiment. How- 
Mele M ad p e IER p ever, a nickel crucible is more than sufficient 
must be drilled th em E QUA m 10" m for the materials being used in this particular 
the refractory lini ORTI ree materials: (1) | | case. It is essential that the crucible have very 
hamber 18. the aian roof of the heated | | thin walls. The salt will adhere to the walls 
er; (2) the filling of refractory earth | | but will shrink when it solidifies. The metal 


with which it is surrounded; and (3) the outer 
aluminum shell. The hole through the refrac- 
tory powder must be protected so that it will 
not close; it can be lined with a small as- 
bestos tube folded back onto itself or with 
damp refractory earth left to dry; this earth 
Will be baked hard as soon as the furnace is 
Switched on. 

The diameter of the tube must be rather 
Small, about 5 mm (about 0.2 in.). 

The lower part of the furnace also must be 
Opened, but this opening should be larger 
than the one made in the roof, for the crucible 
Must be able to pass through it. The diameter 
of the hole should be about 5 cm (about 2 in.), 
and again, the hole must be lined, especially 
at the point where it passes through the loose 
refractory earth; an asbestos tube can be 
used. 
dne lower part of the furnace can be pro- 

ed with a shutter made from asbestos 
Sheeting; the provisional shutter will be dis- 
carded every time the furnace is opened. 


also will shrink, but in a different manner, and 
if the walls are not thin enough the crystal 
may break. Quartz is also an excellent ma- 
terial for this experiment, but it, too, is rather 
costly and it may crack when solidification 
takes place. 

Porcelain can also be used for the crucible. 
It has the advantage of costing little, but has 
a disadvantage: the vitreous part of its sur- 
face will fuse during the fusion of many sub- 
stances and thus become mixed with the sub- 
stance being crystallized. 

Another important factor is the form of 
the crucible. Its bottom should come to a point, 
because this point will be the first part of the 
crucible to reach the cold part of the furnace; 
therefore, the first solid will form there. Since 
there is little space in the point where the 
crystal germ comes into being, this germ will 
consist of a single crystal. As the crucible 
descends, the germ will extend so that the 
whole mass, when it solidifies, will become 
united to it with only a single orientation of 
the lattice layers. In this way a monocrystal 
will be produced. Although not preferred, a 
flat-bottomed crucible can also be used. A 
cradle to support the crucible can be fash- 
ioned from the kind of nickel-chrome wire 


l NOCRYSTAL | from powder to perfect structure 


by attaching a suitable counterweight to the 
other side of the pulley. 

The illustration shows the clock arrange- 
ment without the counterweight. 


used in the resistances of the electric furnace. 
An eyelet at the top of the cradle can be 
hooked into another eyelet in the nickel- 
chrome wire attached to the clock movement. 
Illustrated is the crucible in its cradle. 
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MAKING THE MONOCRYSTAL—Sodium chlo- 
ride is placed into the Crucible. Since it is a 
Powder, it may be advisable to put a little 
more than is necessary in the crucible in or- 
der to fill it. The material must have a high 
degree of purity; ordinary kitchen salt is not 
pure enough for making monocrystals. The 
ideal material is the pure chloride used as a 
chemical reagent, but refined kitchen salt may 
be used if all the other sea salts have been 
removed. In Illustration 4a the crucible is 
ready for the furnace, 


The medieval alchemist was regarded 
as a magician who could change baser 
metals into gold or silver, Today’s coun- 
terpart of the alchemist, the metallurgist, 
has plumbed the secrets surrounding the 
production of monocrystals (single crys- 
tals), In fact, a great many technical 
developments in today’s industrial civili- 
zation are based on the possibility of 
obtaining monocrystals of all the ele- 
ments and substances, The manufacture 
of transistors and integrated circuits, for 
example, is entirely dependent on the 
possibility of obtaining monocrystals of 
certain semiconductor substances, Again, 
metallurgy calls for the study of the 
properties of monocrystals of many me- 
tallic elements. And Optics, as well as 
other modem techniques, requires the use 
of monocrystalline Substances as trans- 
parent materials. However, techniques, 


As shown in Illustration 4b, the crucible is 
placed into the furnace. To avoid burned fin- 
gers, it is best to load the furnace before turn- 
ing on the heat. Quite a long time is required 
for the furnace to reach the temperature 
needed, which in this case must be above 
the fusion point of sodium chloride, 8019 C 
(about 1,474? F). If the salt does not fuse, the 
heat should be increased (by shortening the 
resistance a bit, for example). Even after the 
fusion temperature has been attained, it still 
will be necessary to wait for some time to 


of rock alum, a substance that is soluble 
in water and easily purified, can be read- 
ily obtained. However, most substances 
needed in pure and monocrystalline form 
do not lend themselves well to production 
from a solution. In fact, some of the 
monocrystals obtained from solutions 
have properties that make them quite 
useless for all practical purposes. 
Sodium chloride, for example, has the 
property of being very transparent to 
near and intermediate infrared radiation, 
up to about 15 um (microns). It is ex- 
tremely difficult to obtain transparent 
and perfect crystals from a liquid; when 
such crystals must be used in experiments 
on the crystalline state, their imperfec- 
tions all but cancel out their usefulness. 
In certain Tespects it is simpler to grow 
crystals from fused substances than from 
à solution. A solution tends to be less 


make certain that all the as become 
fused. At this point the is begun, 
using the clock mechanism. the rotation 
of the reference mark, previc nade on the 
Pulley, indicates that the « ile has de- 
scended the desired distan > furnace is 
Switched off to begin the !g process; 
also, the descent of the c; is stopped, 
The crucible, with its alreac ned crystal, 
will thus cool Slowly. Rapi oling could 
crack the crystal. 

of view; many precautior t be taken 
to make sure a contin: crowth of 
perfect crystals takes pl rowing a 
crystal from fused mate: y call for 
such equipment as an e! furnace, 
However, the necessary « »ent is not 
excessively complex, and <perimen- 
tal technique is fairly sim e process 
for producing a monoc sodium 


chloride will be shown | lhis sub- 
stance can be very usefi carrying 
out experiments on infr radiation. 
Actually, the same meth: n be used 
with potassium chloride ther salts 
that have close to the sar ion point, 
because temperatures of less than 1,000* C 
(1,832° F) can be obtained quite easily 
in an electric furnace. The y difficulty 


in working with substances that have a 
higher fusion point is that the fusion 
crucible must be made of à highly refrac- 


processes, and results vary, Monocrystals stable, particularly from a thermal point tory substance, such as porcelain. 

5 

THE MONOCRYSTAL—The shutter at the bot- | 

tom of the furnace is opened and the mono- ] | 


flat crack, but such a Crack will prove that this 
is indeed a monocrystal experiment, There is 
no point in examining the Crystal to discover 
Some type of microscopic disorder or to see 
whether it is only an association of almost ex- 
actly oriented crystals with Parallel axes, 

It is better just to break the Crucible (if it 
has not cracked during the experiment) and 
to verify that the crystal can be flaked along 
planes, much the same as potassium chloride, 
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DIS: CX ATIONS | the imperfect geometry of crystal lattices 
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If Humpt mpty were a crystal, the 
question ^y his various parts could 
not be b: t together perfectly again 
could be ered in one word: dislo- 
cations. specifically, dislocations 
are the : ngement of the atoms on 
either sic ach fracture. 

The d that may be present in a 
crystal | an be broadly classified 
into two əries. In both, the defects 
cause th: al to assume properties 
different hose that can be deduced 
from th: ry of the perfect lattice. 
The first of defect concerns an ab- 
sence or is of atoms or ions in the 
crystal. | ts of this type may be as- 
sociated in excess or insufficiency of 
electric « 

The s type of crystalline defect 
is cla «ler the generic name of 
dislocati: ‘cause these defects are es- 
sentially cerned with the imperfect 
juxtapos: of parts of the crystal. A 
perfect | can be considered as a 
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SHEAR STRESS IN A PERFECT CRYSTAL—In 
a perfect crystal it is quite easy to calculate 
the force that will be needed to produce shear. 
Mlustraion 1a, which is a simplified two- 
dimensional model of the structure of the 
Crystal, shows how two adjacent rows of 
atoms, a and b, are arranged. If the aim is to 
displace the upper row of atoms with respect 
to the lower row, the atoms in the upper row 
will have to be displaced in such a way that 
they will, at least momentarily, arrive in the 
Position of row c. In order to arrive in this 
Position, however, the atoms in row b must be 
Pulled away from those in row a. To obtain 
this effect, force must be applied. 

Once these atoms have arrived in position 
C; they find themselves in a state of equilibrium 
and they could, therefore, either return to their 
priginal Position or move forward to the next 
interatomic position. The force needed to lift 
the atoms into position c is quite considerable. 


series of atoms arranged in accordance 
with the geometry of the lattice, that is, 
with a module regularly repeated along 
the whole of the crystal structure. If, 
however, the perfect crystal is broken 
into parts along a chosen plane, and if the 
atoms on either side of the plane of frac- 
ture are slightly rearranged, the two 
parts of the crystal will no longer fit to- 
gether as precisely as they did before. 
The atoms on the two sides of the plane 
of fracture will no longer be in the 
correct positions to form perfect lattice 
cells. This type of defect is called a 
dislocation. 

Dislocations exercise a great influence 
on the properties of a crystal; in metals, 
for example, they govern plasticity. Also, 
dislocations determine a crystal's growth 
rate. A crystal devoid of dislocations 
grows at a much slower rate than the 
same crystal with dislocations; also, the 
ratio between the two rates of growth 
may be of the order of thousands. 
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Smaller movements—that is, movements that 
will bring the atoms of row b toward row c 
but without reaching it—give rise to elastic 
deformations. In fact, the atoms return to their 
original position as soon as the force which 
caused them to become displaced is removed. 
If the goal is to calculate the value of the 
elastic limit (the point where the applied force 
will produce a permanent, or plastic, deforma- 
tion rather than an elastic one), it is necessary 
to obtain shear forces greater than the ones 
that can be measured when real crystals are 
plastically deformed. This means the causes 
that bring about plastic deformation in real (or 
imperfect) crystals must be different from the 
ones represented in this illustration, which is 
entirely based on the hypothesis of a perfect 
crystal. 

Deformation by shear, at least according to 
the model of the perfect crystal, should occur 
as indicated in Illustration 1b. If a force like 


Dislocations, therefore, invite a large 
number of experimental as well as theo- 
retical studies. The experimental study 
of dislocations is greatly favored by the 
fact that they generally affect very long 
rows of atoms. 

Just as dislocations represent areas 
where crystal growth can occur more 
easily, they also create zones where the 
crystal surface is more liable to chemical 
attack. If, therefore, the presence of a 
dislocation is to be demonstrated, no 
more need be done than polish a crystal's 
surface and subject it to chemical attack. 
The dislocations will then become visible 
even under an optical microscope. A 
more detailed observation of these de- 
fects requires the use of an electron mi- 
croscope and the technique of repetitions, 

Here the dislocations will be described 
from an essentially crystallographic point 
of view without going into the impor- 
tance of the defects in determining some 
of the properties of the crystals. 


the one indicated by the arrows is applied, the 
upper part of the crystal will be lifted into the 
second position. In this position the two parts 
of the crystal have been displaced relative to 
each other. Also, as observation of the upper 
edge of the crystal discloses, they have been 
pulled slightly apart. 

This model actually does not correspond to 
reality. In fact, it is sufficient to consider that 
plastic deformation in aluminum occurs at a 
stress as much as 60,000 times less than the 
stress needed for elastic deformation. In 
many other materials the plastic deformation 
occurs at analogously lower values than those 
needed for elastic deformation. On the other 
hand, for other materials the limit of plastic 
deformation is a hundred or a thousand times 
less; examples include polycrystalline alumi- 
num and iron. Therefore, in order to interpret 
plastic deformations due to shear as they oc- 
cur in reality, another model should be chosen. 


+4. 4.4.4.4. 
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PLANE DISLOCATION—The study of plastic 
deformations in monocrystals of particular 
substances has thrown a clarifying light on the 
Process of plastic deformation. 

Illustration 2a shows how a cylindrical test 
piece of monocrystalline zinc deforms when 
it is subjected to tension, The lattice planes 
make an angle of 45° with the axis of the test 
piece cylinder. When the deformation has oc- 
curred (and this can be very extensive without 
producing a rupture), observation reveals that 
the test piece has deformed as if it were com- 
posed of playing cards, with the cards having 
slipped, due to tension, in respect to each 
other. This proves that the deformations occur 
because of the displacement of the lattice 
layers with respect to one another. It also 
proves that the mechanism of the displace- 
ment of the atoms must certainly be different 
from the one shown in Illustration 1. 

Illustration 2b shows the model of a type of 
deformation that might be called a plane dis- 
location; it can explain the phenomenon of 
plastic deformation in crystals. Represented 
here are the atoms on both sides of the slip 
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plane, but only on the end sections of the 
model. The atoms in the part above the slip 
plane are arranged at a slightly different spac- 
ing from that among the atoms in the lower 
part. Consequently, a progressive change oc- 
curs in the relative positions of the atoms of 
the two layers; that is, the atoms tend to be 
more and more out of phase along the row. 
The atoms are in phase at the extreme right 
and extreme left of the model, but they are 
out of phase at all intermediate points. In the 
right-hand half of the slip plane, the relative 
displacement of the atoms is always less than 
half of the lattice module; on the left-hand 
side, however, it becomes more than half this 
module. The line AB, which corresponds to a 
relative displacement of half a lattice module, 
is called the dislocation line. The direction of 
the dislocation, on the other hand, is perpen- 
dicular to this line and is indicated by the 
arrow DD’, 

The structure of a dislocation of the type 
shown in Illustration 2b can be examined in 
somewhat greater detail with the help of Illus- 
tration 2c. It shows the arrangement of the 


atoms above and below the slip plane in the 
same section as in Illustration 2b, but the lay- 
out is now more complete. Rather than eon 
Sidering the atoms in the two parts as ds 
placed with respect to each other, the ueni 
part can be imagined as containing an ae 
tional layer of atoms stretched along the Š 
location line. The atoms in the immediate E 
of the additional layer in the upper pan 
spaced slightly closer together than usua d 
the lower part, in the immediate nelghbornow 
of the “missing” layer, they are spaced slig Be 
farther apart. This region with its exceptions 
characteristics, however, is of limited am i 
sions and affects only a small pan of the lal 
tice structure, a few layers at most. * 

A model of a dislocation may be pama 
by means of identical soap bubbles fo [s 
on top of a liquid surface. The bubbles Son RU 
form a lattice structure, but the pattern Cael 
is slightly imperfect, thereby forming Lis A 
of dislocations. Illustration 2d shows so i 
soap bubble model. The defect can be ely, 
served when the illustration is viewed oblique Y 
from one corner to an opposite corner. 
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;hows that the plastic deforma- 
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SCREW-TYPE DISLOCATIONS—A second type 
of dislocation, illustrated here, is called a 
screw-type dislocation because in the vicinity 
of the dislocation the atoms or molecules of 
the lattice are arranged like the steps of a 
spiral staircase. 

Illustration 4a shows how the lattice layers 
are arranged at a screw-type dislocation. The 
lattice layers on the left are in a perfectly 
Paua ROSON on the right, however, they 

ave slipped by one lattice module. AB is the 
dislocation line. The screw-type dislocation, 

e the plane dislocation involved the 
movement of the lattice layers in a perpen- 


in point. At the left is a perfect crystal. If this 
is subjected to a shear stress, as the middle 
illustration shows, a positive dislocation will 
be formed; the center of the dislocation will 
move from left to right. 

The three illustrations in 3b, on the other 
hand, show a negative dislocation that moves 
from right to left. This model shows that the 
deformation affects only a few rows of atoms 
at a time, displacing them from their correct 


dicular direction. 

Illustration 4b shows how the arrangement 
of the atoms in a screw-type dislocation ap- 
pears in a plane. In the upper part of the 
model, the atoms are perfectly superimposed 
on those of the underlying layer. However, in 
the lower part of the model, where the atoms 
are dislocated, they are displaced by an en- 
tire lattice layer. For the sake of clarity, the 
atoms in the upper part, where they are really 
in perfect superimposition, are shown as if 
they were slightly displaced. This part of the 
model, therefore, is drawn as if the viewer 
were looking at it from a direction slightly out 


lattice positions. The model of plasticity ob- 
tained through dislocation, therefore, provides 
an explanation as to why the force needed for 
plastic deformation is small compared to the 
force needed for an elastic deformation. The 
tact is that under stress not all the atoms 
above and below the slip plane become dis- 
placed at the same time; only those in the 
immediate vicinity of the dislocation do. 
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of vertical so that the atoms of the lower layer 
can be better seen. 

If the plane of the dislocation is arranged in 
a vertical direction, à parallelepiped consist- 
ing of a few crystalline bases presents itself 
(Illustration 4c). It looks as if a cut had been 
made in the side of a perfect parallelepiped 
and the two parts of the cut had then been 
displaced with respect to each other. 

In the screw-type dislocation, just as in the 
case of the plane dislocation, the phenomenon 
affects only a few atoms in the immediate 
vicinity of the dislocation line. 
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CRYSTALLINE COMBINATIONS 


Originally, the study of crystals was the 
study of minerals found in nature. This 
resulted in a thorough knowledge of nat- 
ural crystalline forms and the way in 
which they develop. Knowledge of crys- 
tals was at first limited to classification. 
Later, however, scientists began to study 
the microscopic properties of crystals 
and, in particular, the arrangement of the 
1 


MILLER INDICES—A crystal is a solid body 
bounded by planes arranged regularly rather 
than irregularly in space. It is helpful to ex- 
press the arrangement of these planes in terms 
of numbers. This requires the use of analytic 
solid geometry. Three straight lines, OX, OY, 
and OZ are drawn at right angles to each 
other, starting from a common point O and 
ending in arrows to show the orientation of the 
lines (Illustration 1a). Now a plane intersecting 
the three lines is drawn. If O is the origin of 
the lines, the plane will cut across them at 
three points, A, B, and C. Thus, the plane cuts 
the three lines into segments whose length is 
the distance between the origin O and the 
points of intersection OA, OB, and OC. These 
three line segments have different lengths that 
depend on the orientation of the plane in 
Space. Now another plane is drawn parallel 
to the first plane and intersecting the three 


atoms inside crystals. Thus mineralogy, 
the science of the description of minerals 
(naturally occurring chemical species) 
gave way to crystallography, the study 
of the structure of crystals. Crystallog- 
raphy is not limited to crystals found in 
nature; it deals also with substances syn- 
thesized in the laboratory, which may be 
either organic or inorganic. Thus, the sci- 


axes X, Y, and Z. The three new intersections 
are A’, B', and C’. This defines three new seg- 
ments: OA', OB', and OC' on the three axes. 
By simple geometry, OA/OA’ = OB/OB’ = 
OC/OC’. In other words, if coordinate axes 
are intersected with planes parallel to each 
other, segments proportional to each other on 
the axes are also intersected. Thus, for all 
these parallel planes the relation between the 
three segments of any one plane remains con- 
Stant —0A/0B/OC, for example. 

The property that parallel planes cut out 
mutually proportional segments on the three 
axes may be used to determine their position. 
For example, the plane shown in Illustration 
1b intersects three equal-length segments on 
the X, Y, and Z axes. If the second plane is 
constructed parallel to the first and at a given 
distance from the origin, this distance will be 
equal for all three directions of the axes. 
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pplications are illustrated as 


shows the indices of the faces 


to an irregular arrangement. Crystals 
often develop at the same time and form 
quite regular aggregates. 


GEOMETRY OF CRYSTALS 


Miller indices are a useful way of describ- 
ing crystal faces and their arrangement 
in space. Before discussing Miller in- 


of a cube. This cube is oriented around the 
X, Y, and Z axes, with each of its faces inter- 
secting one coordinate axis. In the case of 
the face intersecting the X axis, the indices 
are (100). The other faces show their indices. 

Illustration 1f shows the indices of the faces 
of a bipyramid. The bipyramid is oriented on 
the coordinate axes, with the indices of its 
faces shown. This is a special type of bi- 
pyramid; each face intersects the three co- 
ordinate axes at equal distances from the 
origin. The face completely included in the 
positive quadrant of the axes, for example, has 
the indices (111). 

Miller indices can also be used to charac- 
terize the atomic planes within a crystal. The 
cube shown in Illustration 19, for example, 
consists of atoms arranged in a cubic lattice. 
Each plane bounding the external surface of 
the cube contains all the atoms occupying 


dices, however, something must be said 
about the various ways in which adjacent 
crystals grow. To begin, the museum 
piece—the monocrystal-is an exception, 
a rarity usually found in rocks where it 
has been able to develop under special 
circumstances. The illustrations. below 
describe some of the more common crys- 
talline aggregates. 


that plane. This plane of atoms at the external 
surface (and all planes parallel to it) can be 
called an (010) plane, since it intersects only 
the Y axis. 

Illustration 1h shows the same cube with 
some of the atomic spheres removed. The net 
effect is to form a series of steps pointing 
toward one of the faces. The steps are one 
atomic thickness long and two high. Thus, a 
cube with one of its faces steeply inclined 
is produced. The face intersects the axes at 
the points co, 1, and 2. Thus the Miller indices 
of the plane are 0, 2, 1, as the illustration 
shows. The same thing could be done with 
other planes formed by cutting different kinds 
of steps in the cube. Once again, Miller in- 
dices can be used to express the inclination 
and position of the plane. This application of 
Miller indices is very useful in the study of the 
atomic structure of crystals. 
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DRUSES—A druse is an aggregate of crystals 
grown from a single matrix having different 
sizes, lengths, and directions. All of the crys- 


tals display their characteristic growth pat- 
terns. This type of aggregate is irregular. 


FIBROUS OR RADIATED AGGREGATES — 
Crystals sometimes grow with a certain de- 


GEODES—A geode is an aggregate of crystals 
grown inside a cavity that originates from so- 
lutions or vapors. If a small section from the 
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gree of regularity, similar to the regularity of 
druse crystals. This Occurs in the case of 
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aggregates of the same 
crystals have grown with a 
tation; these are called twins. 
particle, for example, may be 
of the other. The plane sepa- 
rystals is called the twinning 


7a the two elements of a twin 


; plane are shown. Sometimes 
articles are arranged in such 


a way that one of them is rotated through a 
certain angle around an axis, called the twin- 
ning axis (Illustration 7b). Sometimes twinning 
takes place between two crystalline elements 
that grow into each other. 

The diagrams and photographs show ex- 
amples of twinning. Illustrations 7c and 7c’ 
show Japanese or knee twinning in rutile; Il- 
lustrations 7d and 7d’ show spinel twinning in 
cassiterite (a tin dioxide, SnO;); Illustrations 


PARALLEL GROWTH — These crystals have 
grown somewhat like those in a druse, but they 
are more parallel. 


7e and 7e' show penetration twinning in fluo- 
rite; Illustrations 7f and 7f' show iron cross 
twinning in pyrite; and Illustrations 7g and 79’ 
show swallowtail twinning often found in cal- 
cium sulfate. 

Many other forms of twinning exist. These 
have been studied by crystallographers and 
are used as a guide for the identification of 
minerals and rocks. 
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No one begins the study of mathematics 
with calculus. A student first learns the 
essentials of basic algebra, geometry, and 
trigonometry before he is ready to cope 
with the intricacies of calculus. In like 
manner, if a person wishes to study real 
solids, he must first examine and become 
familiar with the basics of theoretical or 
ideal solids. 

In the study of real solids, familiarity 
must first be established with some of 
their simpler characteristics, such as 
their crystallographic properties and the 
intensity of the forces that keep their 
atoms united or at the point of equilib- 
rium. Once this knowledge has been 
achieved, it would then seem logical that 
most of the mechanical properties of these 
real solids could be calculated and pre- 
dicted. However, this is true only in the 


case of particular types of solids. 

Construction of the theory of ideal 
solids is extremely important because it 
constitutes the model for further theories 
that explain the structure and constitu- 
tion of real solids. Although most solids 
are real solids, it is not possible to under- 
stand their properties unless the ideal 
solids have first been examined and un- 
derstood. 

A particular law must be understood 
before the theory of ideal solids and then 
that of the real solids can be constructed. 
This is the law of the compressibility of 
the atoms themselves. Lastly, the other 
characteristics of the atoms, such as the 
elasticity of the bond direction, must be 
learned. These characteristics form a 
foundation for the study of real solids. 

Real solids are of great interest for two 


reasons: first, they are the «>/ids used in 
all technological process: cond, and 
more important, is the fa: ut they can. 
have certain properties t! in be pur- 
posely constructed in the ;aration of . 
the solid itself. For ex: the term 
real solid can mean so: ecial steel 
with particular propertic \ as tensile 


ictility or 
importance 


or compressive streng 
fragility, and so forth. 


of knowing the theor; real solids, 
then, lies in the fact tha tables a sci- 
entist to decide how to : . substance 
in order to confer on i ain desired 


properties. 


Moreover, the prop: of the real 


solids are once again d ned to a far. — 
greater extent by the rfections of - 
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E COMPRESSIBILITY OF ATOMS AND 
SOLIDS—These illustrations are designed to 
show, in simplified arrangements, how the 
compressibility of a single atom leads to the 
concept of the compressibility of an entire 
solid. 

In Illustration 4a, a sequence of atoms is 
Shown. (Although the central atom appears 
surrounded by four others, in a simple cubic 
lattice it is surrounded by six atoms.) The 
atoms should be imagined as being arranged 
in such a way that none of them is subject to 
either tension or compression. The reasoning 
applied to the arrangements shown in all these 
illustrations will lead to the same conclusions 
when it is applied to other crystalline struc- 
tures (the simple cubic structure is used only 
for reasons of simplicity). The successive ar- 
rangements show the other atoms being 
squashed against the central atom as if the 
entire solid were being compressed. At the 
point of contact, the compressed atom and 
those surrounding it suffer a deformation; in 
practice, this is a deformation of the electron 


orbits in the outermost shell of the atom. (The 
deformation may also affect the inner shells 
through a deformation of the electrostatic 
field of the atom, but this fact is not essential 
to an understanding of the concept presented 
here.) The four parts of the illustration show 
the atom becoming gradually more and more 
compressed. 

Illustration 4b shows the force needed to 
produce the progressively greater deforma- 
tions of the electron orbits. If the deformations 
of the central atom are slight, it is possible to 
conclude that the force is proportional to the 
deformation itself. The applied force is plotted 
as the ordinate, while the deformation it pro- 
duces is shown as the abscissa. In this case, 
therefore, it is possible for the force to be 
Strictly proportional to the deformation, but 
only when these forces are small. The same 
reasoning can also be applied to the deforma- 
tions that the central atom would suffer if, 
instead of a compression, a tension had been 
applied; the tension would have produced a 
dilation of the atom itself. Again, for small 


o d d, 
dilations, a linear relationship between the 
applied force and the deformation it produces 
would result. To return to tle compression 0! 
the atoms, once a certain value of the sin 
tion of the volume (squashing of the atom) 
has been passed, the law relating to force ans 
deformation is no longer similar to Hooke 
law; rather, it is a nonlinear law that in cer 
cases may have an asymptote. The new lai 3 
of deformation of the solid is shown in Ilus: 
tration 4c. d 

An initial linear tract occurs from O to ia 
After that point the force needed to obtain F. 
compression increases far more rapidly; at 
sequently, the curve rises almost vertice 
The curve stops when it has arrived at ia 
point d,; more exactly, it stops there oniy 
the graph, because from this point it mon 4 
assumed that the compression has SUC P. 
profound effect on the atomic structure M 
almost destroy it; what the curve does Mu 
this point is of no concern here, hoo 
since the present study is confined to 
physics of solids. 
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A FLUID—If oil is poured on 
surface, it does not stay still, 
spread (Illustration 1a). This 
the mobility of the molecules 
1 apparently slide over each 
friction. This property of a 
to adapt itself quite readily 
an object that contains it or 
jed in it, and to exert force 
in every direction. The mole- 


Why can water seeping under a dam 
cause it to collapse? Why does water 
gush out of an artesian well? Why does 
an inner tube of a tire lose air sometimes 
after having been mended with a patch? 
Why is a diver swimming in shallow 
water pushed toward the surface, 
whereas after reaching a depth of about 
40 feet he finds it difficult to return to 
the surface? How can a comparatively 


cules can be compared to minute spheres 
that are not bound by attraction to one an- 
other to such an extent that they tend to form 
a solid body. The molecules, like such 
spheres, spread when poured onto a hori- 
zontal surface (Illustration 1b). 

In the other examples discussed here, the 
objects under discussion are liquids. Gases 
are also fluids; but unlike liquids, gases can 
expand as well as spread. A liquid poured 

1b 


the principles 
of hydrostatics 


small dike, such as those protecting the 
coast of the Netherlands, hold back the 
entire thrust of the ocean? How does 
the human body withstand the enormous 
weight of atmospheric pressure, amount- 
ing to as much as 15 tons? 

Some of the answers to these problems 
are found in an understanding of the 
properties of fluidity and the behavior 
of fluids. 


out of a container always maintains its initial 
volume, but a gas poured out of a container 
expands into whatever volume is available, 
no matter how large. Conversely, liquids are 
virtually incompressible, but it is possible 
to reduce the volume of a gas by forcing it 
under pressure into a smaller container. The 
volume of a liquid can be reduced only under 
extremely high pressure. 
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The huge dikes that keep the sea from 
flooding the Netherlands have always 
fascinated students of geography. For 
physicists, however, the attraction of 
the dikes is due to more than simple 
curiosity. These huge earthen bulwarks 
help form a king-size, seawater-filled re- 


ceptacle that helps explain the funda- 
mental principles of fluid statics, the 
branch of science that studies the equi- 
librium of liquids and gases. 

Because of its weight, any liquid en- 
closed in a receptacle of any shape or 
size exerts a pressure on the walls and 


a lever made with water 


bottom of the containe on any 
bodies that are immersed Examples 
from daily experiences a examina- 
tion of some simple phe: : will an- 
swer several questions th to mind 
in the course of even a « probe of 
fluid statics. 

THE THICKNESS OF A Dé AT HOLDS 
BACK THE ENTIRE SEA pressure a 
liquid exerts on a surface | pendent of 
the orientation of that surf: example, 
the water at the bottom o ptacle will 
exert the same force on « ware centi- 
meter of the base and adja ills. On the 
other hand, the pressure s with the 
depth (more precisely, it tly propor- 
tional to the depth) becaus ressure de- 
pends on the height of th in of water 
that weighs on each elem: itface, and 
this column extends all the ) to the top. 
The pressure exerted by ater at the 
bottom of a sea or lake great: the 
weight bearing down on juare centi- 
meter of the bottom of a bz J0 m (about 
3,300 ft) deep is equal to cm? (about 
6,100 in.?) of water, that i: 00 g or 100 
kg (about 220 Ibs). To cons dike similar 
to the one illustrated, wt part of the 
dike that prevents the se flooding the 
Netherlands, an engineer v ave to make 
certain that his wall of was thick 
enough to withstand the ; e exerted at 
the sea bottom. The thickr ;uld depend 
only on the depth of the v the base of 
the dike. A rather small ea ke would be 
quite sufficient to hold back tire ocean if 
the depth of the ocean we 10 m (about 
33 ft). 

THE DAM OF A SMALL £—This dam 


holds back the waters of a r that has 
about the same depth as the basin shown In 
the preceding illustration. While the basin in 
the first illustration extended into the Earth's 
ocean system, here the extent of the water 
is small since the basin consists of a small, 
man-made mountain lake. 

Nevertheless, both the dike in the first il- 
lustration and the dam shown here are sub- 
ject to the same thrust (except for the fact 
that the mountain lake will not be subject !o 
heavy seas or tidal waves); therefore, essen- 
tially both can be constructed with the same 
dimensions. Again, in practice, the force ex- 
erted on a dam depends solely on the depth 
of the water it holds back and not on the hori- 
zontal size of the lake that the dam creates. 


ARTESIAN 
walls cover 
colates ini 
ceeds in st 
layers alon: 


-LS—In a large valley having 
"ith permeable soils, water per- 
- ground and sometimes suc- 
“1g downward into the permeable 
‘oe axis of the valley. The ground 
at the cente the valley may consist of alter- 
nate layers oí permeable and impermeable 
material, ^^y water that infiltrates into the 
Permeable material between two impermeable 


layers will be subject to the pressure exerted 
by the weight of the water in the upper parts 
aaaa of the permeable layer. If a well is now 
drilled in the valley from the surface down to 
the permeable layer, the water will gush out 
and will tend to rise to the same height as the 
highest part of the permeable layer, which is 
completely impregnated with water. 


HOW A WATER SEEPAGE CAN CAUSE A 
LANDSLIDE—The amount of water found in 
the ground depends on the porosity of the 
soil or rocks: water will percolate very easily 
through porous materials (sands, gravels, 
rocks with fractures, or cavities such as those 
in karst-type limestones); it cannot cross im- 
permeable layers of rock (compact rocks like 
granites and clays, for example). The water 
that collects in the upper parts of mountains 
(P in this illustration) finds permeable ground 
and percolates down as far as the line aa’, 
where it encounters a different type of rock. 
At this point some of the water comes to the 
surface in the form of springs. However, the 
remainder will percolate through the rocks A, 
which are permeable in the direction indicated 
by the arrows. This happens because the 
water does not succeed in penetrating into 
the rocks Sc (clays), for these are imperme- 
able. The water percolating through the rocks 
A will therefore collect along the contact line 
bb' between the two types of rocks and build 
up a considerable pressure, due to the dif- 
ference in level between b and b'. This pres- 
sure cannot be relieved by means of seepage 
through the clay, and it may, therefore, build 
up to such an extent that it pushes the whole 
clay mass outward, thereby causing a land- 
slide. 


CONNECTED VESSELS — The liquid flows 
from one vessel into the other until it attains 
the same level in both; the pressures exerted 
on the two sides of a membrane placed in the 
central part of the connecting tube are equal. 
These pressures, according to Stevin's prin- 
ciple, depend only on the difference in level 
between the point at which the membrane is 
placed and the two free liquid surfaces. 
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THE "HYDRAULIC LEVER'"—The illustration 
shows two connected cylinders; one has a 
large diameter and the other a small one. 
Both cylinders are full of the same liquid and 
their open ends are closed by pistons that are 
free to move up or down. What happens if the 
larger piston is kept in a fixed position while 
pressure is exerted on the liquid with the 
small piston? This pressure will affect the 
whole mass of the liquid and not just the liquid 
in the areas closest to the small piston. This 
phenomenon is known as Pascal's principle, 
taking its name from the French physicist- 
mathematician who first deduced it from the 
laws of mechanics. Thus, if the small piston 
has an area of 1 cm? (about 0.15 in.?) and a 
force of 1 kg (about 2.2 Ibs) is exerted on it, 
all of the liquid in both cylinders will be sub- 
jected to a pressure of 1 kg/cm? (about 14 
Ib/in.?). In the large cylinder this pressure will 
now be applied on a much larger area—100 
cm? (about 15.5 in.?), for example—and will, 
therefore, exert a force of as much as 100 kg 
(about 220 Ibs). By applying the modest force 
of 1 kg, a much greater force is developed: a 
force of 100 kg in this particular case. 
However, the work performed by the two 
pistons must be the same; therefore, the small 
piston will have to be moved through a dis- 
tance of 1 m if the large piston is to be lifted 
by 1 cm (about 0.4 in.). The situation is anal- 
ogous to that of a lever. Considerable forces 
can be exerted by means of levers, but these 
forces can act over only a very short distance, 
and the long arm of the lever will have to be 
made to travel over a much greater distance. 
The principle illustrated here lies at the basis 
of the hydraulic jack and the hydraulic press. 


BALLOONS—From the end of the eighteenth 
century and throughout the nineteenth, man's 
only hope of flying lay in the possibility of ris- 
ing from the ground with the help of a balloon, 
a sphere made of thin, impermeable cloth filled 
with a gas (hot air, hydrogen, or helium) that 
was lighter than air. The airplane has made 
the balloon obsolete as a practical means of 
flying; nevertheless, balloons still help provide 
the detailed weather information that pilots 
must have to fly an airplane safely over long 
distances. This information is obtained every 
day by small, hydrogen-filled weather balloons 
equipped with appropriate instruments and a 
radio that transmits meteorological data to 


a ground station. Balloons are also widely used 
to study such things as cosmic radiation an 

terrestrial magnetism. The principle that en; 
ables a balloon to fly is based on Archimes es 
principle: balloons are lighter than air, and Me 
upthrust that air exerts on all bodies (but d 
is usually insufficient to make them float e: 
cause they are heavier than air) tereta 
causes balloons to rise. At sea level, T 3 
average weight of a balloon filled with RPS 
gen is about 100 g/m? (about 0.004 Ibs/ ay 
Since air weighs about 1.3 kg/m? (about a 
Ib/ft?), the balloon will be subject to a nec up: 
thrust of about 1 kg/m? (about 0.06 Ib/ft ) 


TH: 


Many chai. istics of the mechanics of 
solids are © lt to understand and are 
far from c v's. In the study of the 
mechanics ‘ids—hydrodynamics, the 
science of motion of fluid bodies— 
common s: ione will usually lead to 
confusion. ever, experiments in hy- 
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THE VENTU: jBE—This simple device is 
an applicati in a sense, of Bernoulli's 
principle. If t ifect of the potential energy 
on a fluid tro : head (the vertical distance 
between the ¿ce of the fluid and the point 
of flow) is | :d—as can be done in the 
case of a ontally flowing liquid—Ber- 
noulli's princ oncerns the relationship be- 
tween the p ire and the velocity of the 
liquid, a rela‘ snip that is inverse. If the fluid 
is moving in pe with diameters of varying 
size, the ve! ; and the pressure will also 
vary; the p: sure determines the motion 
through the (if there were no pressure, 
there would | 19 motion); if the fluid gains 
velocity, thr a constriction in the pipe, 
for example pressure decreases. In a 
pipe with : diameter, therefore, the 
pressure wi lowest where the diameter 
is smallest principle is applied in the 
Venturi tube 

Mlustratio 
turi tube, sh 
constricted : 
with holes : 
the wide pa 
ted with se: 
filled U-tube 
tube from ti 
as it passes 
to the secor 


; a cross section of a Ven- 
i; the wide parts of the tube 
smaller part where they join, 
bottom of the tube—one at 
! one at the narrow part—fit- 
ory tubes linked to a liquid- 
is blown through the main 
t as indicated by arrows, and 
~n the area of the first outlet 
ihe passage is constricted and 
the air pres: decreases. The greater pres- 
Sure of the alr at the first outlet will force 
the level of the quid in the U-tube connected 
with this outlet to a level below that of the 
end of the U-iube connected with the second 
outlet, where the air pressure is less. If the 
U-tube is calibrated, the numerical value of 
the difference can be used to determine the 
ely of the air passing through the main 
e. 
A Venturi tube can be constructed by using 
the materials shown in Illustration 1b. Two 
truncated cones can be made from cardboard 
Or several sheets of paper joined with vinyl 
9lue, or else sheet metal or "tin" from a tin 
can may be used if properly shaped and sol- 
dered. Two small tubes, about 4 mm (about 
0.15 in.) in diameter, are joined to the outlets 
at the wider and narrower base of one of the 
ee and these must be connected by flex- 
ble sections of rubber hose with a U-tube of 
nee diameter, even as little as 2 mm (about 
08 in.) and preferably not more than 5 mm 
(Bont 0.2 in.) where the hose is attached. This 
nor una Utua arrangement, in effect a ma- 
Clee must contain some liquid, preferably 
rene water, so that changes in level in the 
b ‘ube may be observed and, if desired, cali- 
rated. Now, air may be blown into the Ven- 


drodynamics are not especially difficult, 
require only limited equipment, and 
sometimes are rather dramatic. 

For example, it seems natural to think 
that a body at rest, when struck by a 
body in motion, will itself be set in mo- 
tion and move in the direction followed 


turi tube with a hair drier—a very useful 
source of a steady flow of air for many aero- 
dynamic experiments. It is also possible to 
connect the air source with the Venturi tube 
by a flexible hose, with a method of varying 
the aperture at the point of connection in or- 


MOTION OF FLUIDS | explanatory experiments 


by the body that struck it. However, 
when the body in motion is a fluid, the 
body struck by the fluid may begin to 
move against the flow of the fluid. 

An exact interpretation of these phe- 
nomena will provide considerable insight 
into the entire subject of hydrodynamics. 


der to vary the quantity and, therefore, the 
velocity of the air entering the tube. This 
would make it possible to construct a graph 
indicating differences in pressure, as shown 
on the calibration of the manometer, as a 
function of the velocity of the airstream. 
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THE PITOT TUBE—This device, invented by 
a French physicist, Henri Pitot, is essentially 
a tube with a short arm bent at a right angle a 
to a long arm, inserted into a fluid (liquid or 

gas) so that the stream flows into the short 

arm causing a rise in the level of fluid in the 

long (perpendicular) arm; the rise in level in- 
creases in proportion to the velocity of flow. — 
The principle of the Pitot tube shown in Il- 
lustration 2a is an adaptation of the principle 
of the Venturi tube, in which an increase in 
velocity of flow is reflected in diminution of 
pressure. The Pitot tube is partially inserted 
into a streamlined object in such a way that 
one end of the tube (at the upper opening) 
receives the flow of the stream at its normal  — 
velocity and the other end (at the lower open- 
ing), separated from the first by a U-tube, 
receives the flow at its diminished velocity, - ———— — 
caused by the shape of the streamlined ob- 

ject. The difference in pressure resulting from 
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AERODYNAMIC PARADOX: Bernoulli's 
principle, which is the basi ihe function- 


ing of the Venturi and Pit bes, also ac- 
counts for several phenome hat appear to 
be contrary to common sen ind are there- 


THE CONSERVATION OF THE QUANTITY OF 
FLOW—This is another paradox derived from 
Bernoulli's principle. 

Illustration 4a shows a funnel-shaped tube 
into which a fluid stream is moved as shown 


| 


a 

the difference in velocities is indicated by the as shown, and if desired rei 
difference in levels within the U-tube, lf this piece of metal to prac eR S DANT 
U-tube is properly calibrated, it can register The tubing is of glass Strong enough to with- 
different velocities and can be used to measure stand the mechanical forces that will be ex- 
the speed of motorboats and other vessels; it erted on it, and has an internal diameter of 
can also be adapted to measure airspeed. 3 mm (about 0.12 in). The entire device re- 
Illustration 2b shows the materials from mains completely still In the flowing water; 
which the version in Illustration 2a can be the stream will enter the tubing and rise to 
made. The streamlined Object is made of a higher level in the section connected with 
gypsum, in which is set the glass tube, bent the gypsum block. 
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aerodynamic paradoxes. 
tween two sheets of paper, 
ing, as might be expected, 
If the two sheets are al- 
(th each other and stick to- 
»s, like the pages of a new 
»eth of air will help separate 
not happen if the two sheets 
) apart. Illustration 3a shows 
make the experiment. The 
the left hand, as shown; the 
half of the open volume 
st vertical position. The ex- 
ows between the pages. The 
ənd to close, and the more 


idly and its pressure is therefore very low; 
as it follows the path indicated by the arrows 
(on the left) it enters the confined space be- 
tween the pages, drastically loses speed, and 
gains pressure until it is at about the equiva- 
lent of atmospheric pressure. At the same time 
the atmospheric pressure acts against the other 
Side of the loose page (arrows at the right) 
and presses it against the rest of the book. 

An even more striking paradox is shown in 
Illustrations 3c and 3d. A small hole is made 
in the center of a cardboard disk, and a glass 
tube, with an internal diameter of about 5 cm 
(about 2 in.), is inserted into the hole. A sec- 
ond cardboard disk is now held lightly against 
the underside of the first disk, and air is blown 
through the tube so that it passes between the 
two disks. Now the hand is taken away from 
the second disk; instead of dropping, it will 
remain suspended very close to the first disk 
and, with care, may even be lifted up. 

The explanation is analogous to that in the 
preceding experiment: the air blown down- 


ws, the more rapidly the page 


explains the phenomenon 
»hotograph. When the breath 
h, the air is traveling very rap- 


ward, at high speed and therefore low pres- 
sure, enters the restricted space between the 
disks; the pressure is lowest where the arrows 
are shortest, but as the air reaches the rims, it 
approaches atmospheric pressure; its down- 


ward force is represented by the arrows Fj, and 
this force is always less than the full atmo- 
spheric pressure outside the disks, represented 
by the arrows F,. As a result, the lower disk 
will be pushed upward. 


by the arrows. The tube might be expected to 
be pushed forward in the direction of the flow, 
but actually it is thrust backward. The illustra- 
tion shows why this happens: the stream 
moves relatively slowly at the entrance to the 
funnel, as indicated by the length of the ar- 
row V,, and gathers speed as it reaches the 
narrow part of the funnel, as indicated by the 
longer arrow V3. Inasmuch as the mass of the 
stream must pass all parts of the tube at an 
identical rate of speed, it acquires added ve- 
locity forward (in the direction of the arrows), 
while the funnel-shaped tube is subject to a 
reaction backward in the direction of the ar- 
row V,—against the direction of the stream. 

In Illustration 4b, which depicts the phenom- 
enon, a glass nozzle (which can be made by 
heating a glass tube over a flame and draw- 
ing It to shape) is attached to the end of a thin, 
flexible rubber hose that is, in turn, attached 
to a water faucet. The hose, left free to move, 
will recoil as soon as the water passes through 
the nozzle. If the water pressure is strong, the 
recoil becomes more pronounced as the noz- 
zle opening is narrowed, increasing velocity. 
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VISCOSITY “AND: Tri 


MOTION OF FLUIDS 


Viscosity, which may be defined as the 
internal friction of fluids, is a most im- 
portant property, especially of fluids that 
are used as lubricants, Every lubricant, 
for example, must have a degree of vis- 
cosity suitable for the use to which it is 
to be put. Lubrication is crucial in a 
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THE VISCOSITY OF FLUIDS—No fluid, whether 
liquid or gas, has a form or shape of its own; 
all fluids assume the form or shape of the 
container in which they happen to be. This 
characteristic of fluids is due to the relatively 
small cohesive forces that hold together the 
molecules of fluids, allowing them freely to 
change their positions with respect to one 
another without necessarily changing their 
volume. 

In formulating the principal theories and 
laws of fluid dynamics, it is customary to con- 
sider only ideal fluids. Just as the laws of ther- 
modynamics that govern ideal gases can be 
applied with fair approximation to real gases, 
so the laws of fluid dynamics formulated with 
respect to ideal fluids can be extended to 
real fluids by taking into account factors that 
vary from fluid to fluid. 

An ideal fluid does not resist changes in 
form; its particles do not exert on each other 
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mechanized world. Inasmuch as the prop- 
erty of viscosity is related to the motion 
of fluids, whether while flowing on a sur- 
face or (if they are lubricants) between 
the surfaces they are intended to lubri- 
cate, it is necessary to inquire further into 
the motion of fluids. 


any tangential forces against movement. Any 
arbitrarily chosen element of surface within 
the fluid will be subjected only to a force 
acting perpendicularly to the surface, and the 
magnitude of the force depends on the pres- 
sure at that point. However, this is not the 
case with real fluids, for real liquids—and to 
a limited extent, real gases—are viscous. They 
oppose resistance to the relative motion of the 
particles, and this resistance may vary in de- 
gree. Therefore, they also display some re- 
sistance to changes in form and to the move- 
ment of the fluid itself. When one layer of a 
fluid is made to slide over another, each will 
exert an action against the other in opposition 
to this relative movement; that is, a tangential 
force will come into play to act against the 
Sliding motion. This phenomenon is quite sim- 
ilar to what occurs in an elastic body, but of 
lesser magnitude. 

In Illustration 1a, a small board is shown 
floating on the surface of a liquid within a con- 
tainer. A force F is applied to the board, mov- 
ing it to the right; as it moves, although its 
lower surface is quite smooth, it will drag 
along a layer of the liquid with which it has 
direct contact. This first layer of liquid will 
similarly drag the layer immediately beneath 
it, and so forth. Among the succeeding layers, 
however, will come into play a tangential force 
7 opposed to F, with a tendency to oppose the 
force applied. 

Illustration 1b is a sketch of an elastic par- 
allelepiped (a body with six sides, the faces 
of which are parallelograms), the lower face 
of which is fixed to a plane. If a force F' is 
applied from the left against the upper edge, 
the body will deform as shown in the lower 
section of the sketch; if the body is homoge- 


neous, a sliding deformation will occur be- 


tween one layer and another. Within the body, 


however, between adjacent layers, a tension 7^ 


will come into play in opposition to the deform- 
ing action of F'. 


The two phenomena just described differ 


substantially in one respect: in elastic solids, 
the internal tangential stress is proportional to 
the sliding deformation, the ratio between 
these two quantities giving rise to a character- 
istic constant known as the elastic modulus in 
shear. In fluids, on the other hand, the internal 
Stress is proportional to the speed with which 
the successive layers slide over each other, 
rather than to the actual amount of the Sliding, 
and in this case the characteristic constant re- 
lating to the speed of the stress is known as 
the coefficient of viscosity. The state of ten- 


sion caused by the viscosity depends, there- 


fore, on the state of motion and does not exist 
in a state of rest. The static equilibrium of flu- 


ids is thus in no way influenced by their vis- 


cosity, which only becomes operative when 
fluids are in motion. 


laws and measurements 


LAMINAR FLOW AND TURB! 
Inasmuch as viscosity is dej 
motion of fluids, a study of « 


When a liquid flows through 
ample, the resulting phenome 
only on the form of the pipe, t 
tors as the velocity of the ligu 
and the variation of velocity 
time—all of which may be de 
gime of the flow. If a flow is c 


ume) at any point within a giv 
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by side; the flow occurs in flui 
—streamlines. The Irish ph; 
Reynolds conducted an ex; 
easy to repeat: 

Take a large glass contain: 
ing on one side, and inser! 
glass tube horizontally into 
lustration 2a). Fill the containe 
allow the water to flow free! 
Now place a small glass noz: 
opening of the tube and alloy 
other source to flow through 
water now introduced shoul: 
that its flow can be distin 
stream of colored water flow: 
tube, it will not mix with the 
will flow in a thin stream 6! 
particles will follow a path tt 
in the container. (A very thin 
flowing along an inclined sur! 
within a capillary tube will 
flow of this kind, in which the 
along parallel to one another, 
a laminar or streamline flo 
rest and an object of suita 
through it, a comparable lami 
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cur. If the object has precisely ihe right form 
and moves without excessive speed, the layers 
of the liquid will separate as it approaches, 
follow its outline, and come together again as 
Soon as the object has passed 

Illustration 2b is a photograph of a model 
of an aircraft wing (an airfoil) immersed in a 
fluid stream, showing how the particles of the 
fluid separate and come together in laminar 


In practice laminar flow occurs only under. 
especially favorable conditions; in most cases 
the flow is turbulent. If the speed in the tube 
is increased, the colored stream of water will 
become turbid almost immediately (Illustra: 
tion 2c). Above a certain velocity, which was 
discovered by Reynolds, a flow loses its 
streamlined character and becomes turbulent, 
the particles following continually varied paths; 
eventually the colored water diffuses through- 
out the entire mass of liquid. Such a regime 
is designated one of turbulent flow. It is ex- 
emplified by the agitation of the water in the 
vicinity of the motorboat in Illustration 2d. 

Turbulence also occurs when a solid moves 
through a fluid at excessive speed, or when 
the solid has a form that is not really stream- 
lined. Illustration 2e shows the same stream- 
lined airfoil shown in Illustration 2c but mov- 
ing at a different angle; Illustrations 2f al i 
show two objects that are not streamlined âl 
all. In each instance considerable turbulence 
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supersonic 


suitably str: 


In study 


ir, turbulence causes vibra- 
ind is very dangerous to the 
or this reason, the wings of 

are always very thin and 
:d (Illustration 2h). 


ese phenomena, 


Reynolds 


demonstrated that both laminar and turbulent 
flow regimes can occur under the same quali- 
tative circumstances, depending on whether 
certain factors that determine the flow—speed, 
volume, viscosity—are below or above a cer- 
tain critical value. Reynolds also demonstrated 


b 


that laminar or streamlined flow can be main- 
tained or produced more easily if certain pre- 
cautions are taken. In a converging pipe, for 
example, where the velocity increases in the 
direction of the flow, laminar flow is more 
easily maintained than in a pipe of the same 


————————————————————————————— 


diameter throughout its length. However, when merely turning on an ordinary water faucet; it strikes some obstacle. Whe faucet is 
the pipe diverges (increases its diameter), tur- if the water is allowed to issue very slowly, opened more widely, a stream er issues 
bulent flow will more easily be produced. Both the stream is quite homogeneous; there is no forth turbulently, with irregular and vio- 


regimes of flow can easily be observed by spray, and the stream maintains its shape until lent splashing. 
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the variation of speed from one layer to the 
next may obey any law whatsoever, provided 
that the variation is continuous. If two layers 
that are very close together are considered— 
layers having the respective coordinates z 
and z + Az, for example—the velocities of the 
two layers will be u and u + Au. The limit of 


Ai 
the ratio = as Az tends toward zero (that is, 


as layers that are progressively thinner and 
thinner are considered) represents the rate of 
change of the velocity function with respect to 
the z axis at any particular point z. It is writ- 
du 
ten = and is called the derivative of the speed 
with respect to z. This sliding, just as in elastic 
solids, causes a tangential stress 7, which acts 
between adjacent layers parallel to the x axis. 


The value of this stress is proportional to the 
sliding speed of the particular layer to which 


it refers; that is, to the rate t This yields the 
z 


following relation for a unit surface: 7 = 
pdu e 

iru The coefficient of proportionality u is 
none other than the coefficient of viscosity, 
generally termed the poise, after the French 
physiologist Jean Louis Marie Poiseuille. The 
formula is linked with the name of Petroff and 
gives at the same time the physical law of 
viscous resistance and the definition of the 
coefficient of viscosity. 

The stress 7 has the characteristics of fric- 
tion acting within the mass of the fluid; in 
other words, a resistance against the flow of 
the fluid. 


MEASURING VISCOSITY— The poise, the unit 
of viscosity, has the dimensions of mass di- 
vided by length and time. The coefficient of 
viscosity has a specific value for each fluid 
and for each state of the fluid, according to 
variations of temperature and pressure. The 
poise is defined as the force, in dynes, needed 
to move 1 cm? of a surface across the top of 
a liquid, layer 1 cm thick, at the rate of 1 
cm/sec. In liquids an increase in temperature 
diminishes the viscosity, but an increase in 
pressure augments it. These corollaries are 
especially important in the study of lubrication. 
Viscosity is usually measured with viscometers, 
of which there are various types. They are, for 
the most part, made in such a way as to pro- 
duce a laminar flow in the fluid under examina- 
tion; the coefficient of viscosity can be ob- 
tained by observation of this flow. A simple 
kind of laminar flow can be produced in vari- 
ous ways with capillary tubes or special de- 


vices. The illustration shows a type of viscom- 
eter typifying the capillary tube method. The 
viscosity is obtained indirectly by measuring 
the pressure needed to force the liquid through 
the small tube, the tube dimensions, and the 
rate of flow. 

Another type of viscometer consists of two 
coaxial cylinders of slightly different diam- 
eters. The fluid to be examined is placed in 
the space between the two cylinders, and 
the inner cylinder is then rotated; the fluid 
will begin to drag the outer cylinder, and after 
a time this cylinder will also begin to move. 
The torque moving the outer cylinder is mea- 
sured, and inasmuch as all the geometric con- 
stants of the instrument are known, Petroff's 
formula can be used to find the coefficient of 
viscosity. Viscometers of this type, called ab- 
solute viscometers, do not need to be cali- 
brated; the viscosity can be obtained directly 
from the laws of fluid motion. 
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THE STEADY FTF EOW 
OF FLUIDS | Bernoulli’s principle 


One of the primary fields of inquiry in 
the science of hydrodynamics deals with 
the characteristics of fluids in steady 
flow, a form of motion in which the com- 
ponent particles always pass a given 
point at constant velocity. When a faucet 
is opened and the water issues freely, for 
example, it soon flows steadily, and 
passes any point along the pipe leading 
to the faucet outlet at a constant veloc- 
ity. This would be the case at any other 
point along the water pipe leading to the 
same faucet, although the velocity at 
two given points (depending on the di- 
ameter of the pipe at those points) might 
not be the same. 

Conclusions of this sort are quite 
important in all branches of hydrody- 
namics, including hydraulics, which deals 
with water.and other liquids in motion, 
and aerodynamics, which deals with air 
and other gases in motion. 


THE BEHAVIOR OF FLOWING FLUIDS—In 
this section of pipe, the velocity of the liquid 
varies from point to point because the diame- 
ter of the pipe varies. Instead of dividing the 
interior volume of the stream within the pipe 
into a number of small volumes and analyzing 
the velocity of the liquid within each of these 
volumes, scientists measure the flow of the 
liquid by streamlines—lines drawn in such a 
way that the velocity of the liquid at any one 
point is always tangential to the streamline 
passing through that point; the velocity in- 
creases as the diameter of the pipe decreases. 


BERNOULLI'S PRINCIPLE—A fluid in steady 
flow may be analyzed in respect to three quan- 
tities: the velocity of particles in its stream; 
its pressure; and its head—the vertical dis- 
tance of the particles under consideration in 
relation to some point of reference. In the il- 
lustration, a liquid is flowing upward in a pipe 
of varying diameter, bent at a slant away from 
the base. Near the bottom of the pipe, at the 
height h, above the base, is a shaded strip 
representing a cross section of the stream of 
flow, at which point the velocity is v,; the two 
series of arrows indicate opposing pressures 
acting on the stream. The constriction of the 
pipe's diameter, the bend in the pipe, and the 
force of gravity in combination are shown to 
have altered the forces acting on the particles 
in the stream at the next cross section (at a 
height h;), changing their velocity (v2) and 
their pressure. 

Daniel Bernoulli, a Swiss mathematician, 
formulated these observations in a famous law 
of the conservation of energy as applied to 
fluids in steady flow. The law states that the 
sum of the energy of velocity plus the energy 
of pressure plus the potential energy resulting 
from elevation is a constant, so that if any one 


component varies, the others wil! vary accord- 
ingly. This is expressed in mathematical terms 
as follows: 


a 
p+ + dgh =k 


where p is the pressure; d is the density (in 
some formulations, m for mass is used); V is 
the velocity; g is the acceleration of gravity; 
and h is the height. 

Assuming that the factor of elevation and po- 
tential energy is not involved, an increase in 
the pressure would result in a proportional de- 
crease in the velocity, and vice versa. Trans- 
lating this principle in terms of the present 
example, as the pipe becomes narrower (the 
flow remaining steady), the volume of the fluid 
would have to pass a given length of pipe m 
increased velocity; therefore, in this length o! 
pipe, the pressure would decrease. When the 
stream of fluid enters a pipe with larger diame- 
ter, the velocity would diminish, and the pres- 
sure would increase. This principle has prac- 
tical application, as in the flow of air above 
and below an airfoil, which is so constructed 
as to develop lower pressure above the foil 
than below it, and so provide lift to the aif- 
plane wing. 
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HEOREM—One application of 
iple is known as Torricelli's 
ted by Evangelista Torricelli, 
st who lived almost a century 
;oulli. This theorem concerns 
which a liquid flows from 
!let in a container. The illus- 
container filled with water 
in outlet near the base of the 
icle of water at the point on 
e liquid 1 is at rest, and sub- 
pheric pressure. On the other 
of liquid approaching the 
ly moving at a certain veloc- 
monstrated that the velocity 
it passes through the outlet 
the particle would have if it 
ly through a vacuum for the 
e h from the surface of the 
uet. This is expressed mathe- 
= V2gh. 
ration shows, the stream of the 
ives the container through the 
shes in cross section once it has 
ner. This results from the con- 
vergence of ihe particles in the fluid directly 
in front of the outlet, a convergence shown by 
the arrows. Each particle is directed at the 
Center of the outlet; the cross section of the 
Stream at S' |s about two thirds that of the 
Cross section at S. If the stream continued to 
fall freely without being disturbed by turbu- 
lence or surface tension, it would continue to 
Narrow and its velocity continue to increase. 


It is customary in fluid mechanics to 
regard fluids as continuous media. Actu- 
ally, gases and liquids consist of mole- 
Cules and atoms. Fluid properties and 
actions are directly related to molecular 
behavior. In most cases of flow, however, 


THE VENTURI TUBE—This device, invented 
by an American engineer, Clemens Herschel, 
and named in honor of an Italian physicist, 
G. B. Venturi, also applies the Bernoulli prin- 
ciple. The fluid enters the wide section of the 
tube and passes through a narrower section; 
according to the Bernoulli principle, its veloc- 
ity will increase and its pressure will decrease 
in the narrower section of the tube. If a hole 
is made in the top of each section of the 


SUCTION PHENOMENON—Another manifes- 
tation of Bernoulli's principle and the Venturi 
tube is shown here. It is assumed that air 
(which is a fluid) is forced at atmospheric 
pressure through the wide section of the tube 
A and that its pressure is reduced as it enters 
the narrower section. If a hole is made in the 
bottom of the main tube in the narrower sec- 
tion, and the tube is connected with a con- 


the mean free path of the molecule is 
small in comparison with the distances 
involved; thus the flow actions can be 
studied by reference to bulk properties. 

Daniel Bernoulli and other mathema- 
ticians constructed their theories of flow 


main tube, and secondary tubes are joined 
perpendicularly to the main tube at these two 
places, as shown, the fluid will rise to a 
higher level in the tube joined to the wide sec- 
tion than in that joined to the narrower sec- 
tion. Devices of this kind are inserted into a 
tube or pipe system to measure the flow of a 
fluid; in such cases, they are called Venturi 
meters. 


tainer filled with a liquid that is at atmospheric 
pressure, the reduced pressure of the passing 
stream of air will cause the liquid to be drawn 
up through the hole. One application of this 
device is the venturi in the automobile car- 
buretor, the constricted passage where the air 
pressure is reduced to draw in the necessary 
amount of gasoline from the float chamber. 


around the concept of an “ideal” contin- 
uous fluid having no viscosity. It is inter- 
esting to note that their mathematical 
formulas produced results remarkably 
close to those observed in actual fluids 
under modern experimental conditions. 
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FLUID DYNAMICS | 


The properties of fluids in motion have 
intrigued man since the time of Aristotle 
and Galileo. Called fluid dynamics or 
hydrodynamics, the branch of physics 
dealing with such properties explains a 
great many natural phenomena. 

Fluids, in this sense, are those sub- 
stances not in the solid state. Water, mer- 
cury, air, and steam are some common 
examples of fluids. The laws of fluid dy- 
namics are many, and are most easily 
understood in relation to engineering 
problems. 

The term fluid mechanics includes kin- 
ematics, which deals with the geometry 
of motion and, thus, with the way fluids 
move, and dynamics, which deals with 
the forces involved in the motion. The 
term hydrodynamics refers particularly 
to the purely theoretical study of some 


type of flow. In fluid mechanics, it is cus- 
tomary to regard fluids as continuous 
media, Actually, liquids and gases con- 
sist of molecules and atoms; fluid prop- 
erties and actions are directly related to 
molecular behavior. But in most cases of 
flow, the mean free path of the molecule 
is small in comparison with the distances 
involved, and the flow actions can be 
studied by reference to the bulk prop- 
erties of the fluid. 

A problem that occurs quite frequently 
in everyday applications is the transmis- 
sion of fluids in pipes. It is possible to 
determine what cross section a pipe 
should have in order to sustain a given 
flow of fluid when the length of the pipe 
and the pressure on the fluid are known. 
Similar problems are faced by the engi- 
neer designing a steam-heating plant or 


the foundations of 
fluid mechanics 


a lubricating system. 


The laws of fluid dyn generally 
apply to ideal fluids, wh: neans that 
laboratory experiments : ten neces- 
sary before a problem lving real 
fluids can be solved. Ho ‘, some of 
the laws formulated for fluids can 
be extended to real fluid ply by in- 
troducing variable param that char- 
acterize the particular flui ig studied. 

In studying fluid dy: s, the re- 
searcher is often in the ıs position 
of having to construct n f the laws 
by neglecting certain ch. teristics of 
fluids. Viscosity, or the : of a real 
fluid to resist internal fk s a prime 
example of this. An ide id, on the 
other hand, has no vis and any 
solid body could move | h it with- 
out encountering resistar friction. 
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THE IDEAL FLUID AND D'A 
ADOX—An ideal fluid is u 
a fluid that is absolutely | 
wholly devoid of internal fi 
tally without viscosity). Suc 
exist, but some real fluids c 
nearly ideal. However, in th: 
garding the relative motior 
and a solid body, the idea! 
erroneous considerations. 

Consider the sphere in ti 
fluid is flowing past it withou: 
(streamline flow). Each part 
flows along the lines shown 
mediate lines that can be ea 
The fluid exerts a pressure on 
sphere because the sphere forc=s the fluid to 
change direction. Nevertheless, alter having 
passed the sphere, the fluid returns lo its orig- 
inal direction of flow because the sphere now 
exerts a contrary pressure on the fluid par- 
ticles. The total field of pressures exerted on 
the sphere is thus zero, and the sphere is not, 
therefore, subject to any pressure at all. This 
means that when the sphere is immersed in 
an ideal fluid in streamline flow it is not sub- 
ject to any forces and does not offer any re- 
sistance. 

This conclusion, known as D'Alembert's par- 
adox because it clearly contradicts reality, is 
an important starting point when defining rea 
motion. In studying motion, it is not important 
whether the fluid is at rest and the body mov- 
ing, or the reverse, for all motion is relative. 
For example, a ship model can be tested by 
holding it stationary in a tank of moving Water, 
or by moving it in a tank where the water is 
at rest. 
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sing vortices 
j| the fluid 
along inter- 
interpolated. 
front of the 


STREAMLINE -The term streamline or 
laminar flow is juite often when discuss- 
ing fluid motio »ans that the particles of 
the fluid all fio ng parallel paths, which 
are again pla: a parallel planes, or sur- 
faces. The ve v of the flow along a tra- 
jectory on on ice may differ from the 
velocity on an ent surface, as shown. In 
any case, no s may occur in any part 
of the space tt :ubject to streamline flow. 

An example eamline flow is shown in 
the illustration p. 128. The surfaces that 
contain the st: s are separated by vari- 
able distances ie distance increases, the 
speed diminis ind vice versa. A vortex 
may also app some point between the 
surfaces, me that the streamline flow 
has given wa bulent flow. 


STOKES' LAV drops of water that form 
clouds are a ! example of flow (or mo- 
tion) caused | tion. The size of the drops 
can vary ove: ə range (as in clouds, fog, 
drizzle, and hi ain). Nevertheless, only the 
smallest drop in clouds, are in a state 
where their fe motion is governed by fric- 
tion. The velo »{ these drops is so small 
that even a s! =! turbulence, or a very weak 
current of air, = sufficient to ensure they will 
not fall but wili romain suspended in air in the 
Space occupied by the cloud. 

It Is very important to be able to establish 
the velocity of a falling object (sphere), and 
especially the forces that will act on it at 
different velocities. It can be demonstrated that 
the force F acting on a small sphere moving 
in a fluid is F = 6zrvw, where v is the velocity 
of the sphere, r is its radius, and 7 is the co- 
dent of viscosity. Assuming that the par- 

cle is free to fall, its velocity (originally zero) 
m increase until the resistance equals the 
thes that makes it fall; that is, the weight of 
the Particle itself, The steady falling speed of 
n ® particle can be determined by Stokes' law: 
dm i gld — do)/9n, where d and do are the 
En sities of the sphere and the fluid, and g is 

e acceleration due to the force of gravity 
(9.8 m/sec?). 


FLOW COVERED BY FRICTION—A body mov- 
ing through a real fluid will encounter a resist- 
ance that is due to various causes. When the 
motion occurs at very slow speeds, the body 
will be under conditions rather similar to those 
of D'Alembert's paradox, at least according to 
the streamlines, or paths followed by the par- 
ticles of the fluid. 

In this illustration, the streamlines are those 
of a small sphere falling in air. Since all mo- 
tion is relative, it makes no difference whether 
the sphere is considered to be falling, or the 
fluid (air) to be moving upward. Near the 
sphere, the layers slide over each other ata 
small relative speed that must be considered. 
Resistance or friction is exerted between these 
surfaces. The particles in contact with the 
sphere will be dragged along by it; thus they 
can be considered at rest. 

The friction between this immobile fluid 
layer and the adjacent layers in motion has 
the effect of transferring a part of the transla- 
tion energy of the sphere to these mobile 
layers. In other words, the sphere gives up 
some translation energy to the fluid by drag- 
ging it along, or the fluid resists the motion of 
the sphere. This force, the result of internal 
friction between surfaces of the fluid (viscos- 
ity), characterizes the type of flow that is said 
to be governed by friction. In this type of flow, 
resistance is proportional to the velocity and 
linear dimensions (shape) of the body im- 
mersed in the fluid. 
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FLOW GOVERNED BY PRESSURE—Any solid 
body moving through a fluid at a sufficiently 
low speed will remain in conditions where its 
motion is governed by friction resistance. 
These same conditions will change when a 
certain speed is exceeded, however. When 
the body attains a certain velocity (depending 
on several factors, including shape and size), 
the motion of the fluid around it will no longer 
be a streamline flow. Vortices are formed as 
the body passes, and part of the fluid is 
dragged along by the body, thus transferring 
kinetic energy from the body to the fluid itself. 
In this condition, the fluid no longer exerts a 
symmetrically distributed pressure on the 


body. Instead, the pressure distribution is un- 
symmetrical and the body is subject to a force 
of resistance in proportion to velocity. In this 
case, the resistance exerted on the body is 
proportional to the square of the velocity, and 
the internal friction of the fluid no longer has 
an appreciable resistance. 

This law can be written as F = krR? (uV?/2), 
where F is the resistance, R is the radius of 
the sphere, and V is the relative velocity be- 
tween the fluid and the sphere. In this formula, 
p is the density of the fluid while k is a co- 
efficient of proportionality that depends on the 
shape of the body. The influence of the shape 
is important and the coefficient k can assume 


SUPERSONIC SPEED—At supersonic speeds, 
a sphere moving through air must displace 
air in front of it as it moves forward—just as in 
streamline and turbulent flow. However, the 
displacement occurs much more rapidly than 
the propagation of the compression disturb- 
ance. As it passes point A the body generates 
a compression wave in front of it; that is, a 
wave that Is beginning to spread. It is shown 
here after attaining certain dimensions. Later, 
as it passes point B, the same body will gen- 
erate an analogous disturbance in the sur- 
rounding air. Finally, the body will reach point 
C, where it is shown displacing the air in front 
of it. In this example, the sphere has generated 
@ succession of compression waves arranged 
to form a cone-shaped surface (shown as a V 
because it represents a section through the 
cone). 

These conditions of flow are called super- 
sonic conditions and are characterized by the 
fact that the resistance opposing the motion 
of the body grows faster than the square of the 
speed with which the body is moving through 
the fluid. 
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THE LIQUID STATE—This spout of water issu- 


n 
9 from a fountain gives an indication of the 


eous to the liquid form is called condensa- 
tion. The substances newly assumed 
liquid state is characterized by a cohe- 
sive force. However, this force is not weak 
enough to permit the free movement of 
the molecules in space (which happens 
in the case of gases); at the same time it 
is not sufficiently strong to block the mole- 
cules in a well-defined position in space 
(which happens in the case of solids). 

In a liquid substance, the molecules 
continue to move due to thermal action, 
but their movements are no longer com- 
pletely unconfined. The molecules now 
are concentrated in a rather restricted 
space. They collide and touch each other 
with the outermost orbits of their atoms, 
yet they are still capable of sliding over 
one another, making it possible for the 
liquid always to assume the form of the 
vessel in which it is contained. 

On the other hand, the considerable 


cohesion 
a liquic 


that exists between the molecules of 


molecules in 
comparative freedom 


viscosity brought into play by the cohe- 
sive force makes certain that the relative 
displacement of any two adjacent layers 
in the liquid will always encounter a cer- 
tain resistance. 

The forces that oppose the free move- 
ment of the molecules with respect to 
each other are thus the cause of a cer- 
tain internal friction existing within the 
liquid. 

The molecules of gases, especially the 
molecules of rarefied gases, can travel 
through space for relatively long dis- 
tances without encountering either the 
walls of a container or another molecule. 
However, the molecules of a liquid can 
carry out only rather limited displace- 
ments because the free space between 
one molecule and the next is reduced to 
a minimum. Consequently, it is very easy 


WINE DIFFUSES VERY SLOWLY IN WATER— 
When a few drops of red wine are put into a 


2a 


glass of water, a few reddish clouds can be 
immediately observed in the colorless mass of 
water (Illustration 2a). If the glass is allowed to 
stand still and the liquid is not stirred, quite 
a long time elapses before the wine becomes 
completely diffused (Illustration 2b). 
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MOLECULES IN LIQUIDS—A molecule in the 
interior of a liquid (Illustration 3a) is in per- 
fect equilibrium, because it is attracted by all 
its neighbors and these attractive forces are 
equal in all directions. A molecule in the sur- 
face layer of the liquid (Illustration 3b) is 
attracted only by the other molecules further 
down in the liquid; no attractive forces act 
from above. The surface molecules (lllustra- 
tion 3c) pack closely together. Since they are 
attracted toward the interior, they press on 
the rest of the liquid, thereby constituting a 
dense and compact film. 

Surface tension will 


cause any liquid 


sprayed into the air to assume a spherical 
form (Illustration 3d), because this form has 
the minimum surface area compatible with the 
volume of the liquid. 


to diffuse one gas within another; but the 
diffusion of a liquid in another liquid 
takes place far more slowly. An example 
might clarify this concept. If one milli- 
liter of hydrogen is put into one liter of 
helium, almost immediately a few hydro- 
gen molecules will be found in every 
part of the volume which was previously 
occupied by the helium, despite the fact 
that these elements have different specific 
gravities. A different result will be ob- 
tained if a few drops of wine are placed 
in a glass of water, if neither liquid is 
agitated (Illustration 2a). Wine gen- 
erally has a specific gravity slightly 
less than that of water; yet many hours 
will pass before the red color diffuses 
throughout the glass if it is allowed to 
stand still (Illustration 2b). 

Another property of liquids can be dis- 
covered by considering the forces that 
act on a certain molecule in the midst of 
all the others within the liquid. This 
molecule is kept in perfect equilibrium 
by the forces existing between it and its 
neighbors (Illustration 3a). 

Another molecule that deserves con- 
sideration is the one at the surface of the 
liquid, or better yet, all the molecules in 
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the volume of the drop 
is fulfilled by the spher 
thus assumes a spherica! 
the dew on a leaf 
and 4), 

The same phenomen 


THE NATURAL FORM OF A FREE LIQUID— 
A liquid left free in space will assume the form 
having the minimum surface area: the sphere. 
The small droplets found on a leaf after a 


4 


rain are all in the form of 
part in contact with the leaf i 
surface assumes a spheric 


ecules are at. 


ors and by 
i, for no at- 
them from 
! 3b). They 
e together 
ted toward 
the rest of 
t a film of 
eld for the 
3c). 
to the for- 
called sur- 
drops of a 
ir, surface 
e a spheri- 
n of these 
the pres- 
the mole- 
op will be 
and thus 
ct into the 
itible with 
condition 
| the drop 
, just like 
rations 3d 


in be ob- 


yheres: the 
but the free 


| 


served. when placed in a liquid 
with which it not mix—water, for 


example. The ollects into spherical 


drops and re: n this form. 

A high per e of all the molecules 
will possess : wr less the same en- 
ergy: the mo bable kinetic energy. 
Some of the ules will move with 
greater energ ers with less. A few 
molecules, ho will have very high 
energies and ll move far more rap- 
idly than th rs. They may even 
reach the su layer of the liquid, 
pierce it, anc e into the air. What- 
ever the lia some molecules that 
have succeed escaping from it will 
always be fo bove its surface. This 
tendency of : ules to leave the liquid 
and form a v ibout it is called vapor 
tension. Eac} id has a characteristic 
vapor tensio hich varies according 
to the liquic mperature. In fact, as 
the temperat: ises, not only does the 
kinetic energ the molecules become 
greater, but ercentage of molecules 
that succeed 'aping from the liquid 
to become v also increases. 

The vapo: on of a liquid at room 
temperature easily be measured. 
First, a gla: je, open at one end, is 
filled with ury. The tube is then 
placed upsic wn into a mercury bath 
and support: such a way that it will 
not touch th tom. The mercury level 
in the tube \ ll until its height above 
the mercury he bath is no more than 
required t lance the atmospheric 
pressure at t moment. A small quan- 
tity of the liquid is then put into a spe- 
cially prepared eyedropper whose open 


end is curved back. The curved end of 
the eyedropper is hooked into the bot- 
tom of the mercury tube and a few drops 
of the liquid are forced out. Since the 
liquid is lighter than the mercury, it will 
tise rapidly up the tube and reach the 
Space left free by the fall of the mercury 
when the tube was turned upside down. 
The substance, to the extent permitted 
by the temperature at which the experi- 
ment is carried out, will then emit vapor. 
The molecules of the vapor exert a cer- 
tain pressure, and this will cause the 
level of the mercury to fall still farther. 
The difference in the mercury level be- 
fore and after the introduction of the 
liquid expresses the vapor tension of the 
liquid at that particular temperature. 
Obviously, the vapor tension must al- 
Ways be measured in the presence of the 
liquid phase. When the evaporation oc- 
curs throughout the whole mass and not 
n 9n the free surface of the liquid, the 
quid is said to be boiling. At the boil- 
ae temperature, the vapor tension of the 
iquid is equal to the atmospheric pressure. 


OIL DROPS—Any oil immersed in 
water collects into spherical drops 


that remain on the surface. 


ON THE SURFACE OF A LIQUID— 
Surface tension makes it possible 
for many insects to rest on the sur- 
face of a liquid and for some to 


walk on it. 
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THE SPECIFI@*GRAVITY 


OF LIQUIDS 


More than 2,000 years ago the Greek 
mathematician Archimedes was asked by 
his friend, King Hiero II of Syracuse (in 
Sicily), whether a certain crown of gold 


1 


MAKING A HYDROMETER—It is not difficult 
to make a hydrometer, nor does the work re- 
quire much time or expense. It is, therefore, 
possible to make a number of these instru- 
ments, until practice ensures a degree of skill. 
The requisites are a Bunsen burner with a 
moderately small flame, and glass tubes of 
various diameters, preferably manufactured to 
size—to ensure matching tubes of prescribed 
diameter. Moreover, inasmuch as tubes are 
joined in making the instrument, all the glass 
should be of homogeneous composition. The 
glass tubes should be of two sizes: 10-mm 
outer and 8-mm inner diameter; and 3-mm 
outer and 2-mm inner diameter. 

First, a piece of the large-size tube is closed 
in a point at one end (Illustration 1a). The tube 
is then heated over a length of about 1 cm 
from the closed end; then, a bulb somewhat 
like that in Illustration 1b is formed by blowing 
into the tube. The tube is then heated above 
the bulb and is drawn in such a way as to form 
a capillary of about the same size as that to 
which it is to be joined—that is, with an outer 
diameter of 3 mm (Illustration 1c). The tube 
is then cut in the capillary part just above the 
bulb (Illustration 1d); the bulb is retained and 
the rest is discarded. The capillary extremity 
of the bulb and one end of the capillary tube 
are now heated in the same flame; when both 
Parts are hot, they are joined, making sure that 
no obstruction results in the tube. This opera- 
lion can be practiced by preparing several of 
these objects, each with different bulb. dimen- 
sions and possibly also of various lengths and 
d 


| Archimedes’ principle 


that the king had ordered was indeed 
made of pure gold or adulterated with 
silver. Archimedes obtained from the king 
a piece of pure gold, precisely the same 


weight as the crown, and immersed each 
in water. The crown displaced a larger 
quantity of water than the piece of pure 
gold, and Archimedes told Hiero he had 


b 


been defraude 

The point ` 
totally immers. 
placed an amc 


r his goldsmith. 
"at both objects were 
water and hence dis- 
of water equal to their 


respective volumes. Both had the same 
weight, but the crown had a larger vol- 
ume. Density is defined as the ratio of 
weight to volume; hence the crown had 


a smaller density—corresponding to the 

smaller density of a gold-silver alloy com- 

pared to the density of pure gold. 
These facts are related to a principle— 


diameters of capillary tube. 

The bulb is then filled with small lead shot, 
and an attempt is made to immerse the instru- 
ment in the least dense of the liquids that are 
to be tested for specific gravity (Illustration 1f). 
The shot is added only until the top of the 
capillary tube is just above the surface of the 
liquid. Then, two liquids, with the maximum 
and minimum densities for which the hydrom- 
eter is intended to be used, are prepared. A 
strip of paper is placed in the capillary tube 
to mark the levels of each of these liquids, 
defining the range of specific gravities to be 
measured. The space between these two 
marks is divided into equal Intervals, and the 
paper is put back into the capillary tube In 
precisely the position it had during the initial 
marking of the minimum and maximum levels. 
The top of the capillary tube is then closed. 

The hydrometer is now completed. Its ac- 
curacy will depend on how carefully the gradu- 
ated scale was made, and especially on the 
use of liquids of known specific gravity for the 
two terminal markings defining the range of the 
scale. For example, water and alcohol may be 
used; for particular requirements two other 
liquids of known specific gravities may be 
used. Many practical hydrometei re made 
on this principle, but with the scale calibrated 
to show the specific gravities of mixtures, such 
as a mixture of alcohol and water. In such 

the scale is not read in terms of the 
spe gravity but directly In terms of the 
percentage of alcohol in the mixture. Such a 
hydrometer is known as an alcoholometer. 
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THE PYCNOMETER—A pycnometer is a spe- 
clally constructed glass container used to mea- 
sure the specific gravity of liquids. The con- 
tainer is first weighed empty, and its weight 


is noted (Illustration 3a). The container is then 
filled with distilled water, and its weight is 
noted (Illustration 3b). (The weight of the spe- 
cific volume of water alone is found by sub- 


b 


tracting the weight of th 


weight just noted.) The c 
with the liquid to be teste 


and its weight is noted ( 


ner from the 
s then filled 
»cific gravity, 
on 3b). (The 
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THE MOHR-WESTPHAL BALANCE FOR LI 
UIDS—The Mohr-Westphal balance can j^ 
used to determine the specific gravity of liq- 
uids as well as that of solids, 

In Illustration 2a, an object of known density 
A is suspended from the long arm of the bal- 
ance, and the equilibrium of the balance is 
attained by adjusting the threaded counter- 
weight B. In Illustration 2b, the object is im- 
mersed in the liquid under test. The buoyancy 
of the liquid thrusts the object upward, ending 
the equilibrium of the balance. In Illustration 
2c, riding weights are placed on the arm until 
equilibrium is regained; the total of these 
weights is the weight of the liquid displaced 
by the object. 

To find the specific gravity of the liquid, 
the weight of water displaced by the object 
(easily determined, because the density and 
volume of the object are known) is divided by 
the weight of the liquid determined in this 
operation. 

The balance is accurate enough to record 
variations in the specific gravity of the same 
liquid caused by temperature changes. This 
can be done either by immersing a thermom- 
eter in the liquid during the operation or by 
using a weighted thermometer as the object 
of known density to be immersed. 


weight of th: ; volume of this liquid alone is found by dividing the weight of the liquid 


THE HYDROMETER—A rapid measurement of 


is found by ting the weight of the con- alone by the weight of the water alone. 
lainer from ! ight just noted.) the specific gravity of a liquid is obtained by 
The speci! vity of the liquid under test using a hydrometer (a kind of densimeter). 
This consists of a specially constructed glass. 


container weighted at the end with lead shot 
or mercury. The container is somewhat 
rounded and bulb-shaped in its lower part a 
above the tube connecting with the weighted 
tip; the upper part b is a thi, tube or capillary. 
The specific gravity of the entire hydrometer 
is less than that of the liquid to be tested; 
when placed in this liquid, it sinks until it has 
E METTLER x E 17] | | displaced a volume of the liquid with a weight 
ITE N r equal to the hydrometer itself. (Another way 
3 of stating Archimedes’ principle, known as 
the law of buoyancy, is: A floating body dis- 
places its own weight of the liquid In which 
it floats.) If the specific gravity of the hydrom- 
eter is only slightly less than that of the 
liquid, and the capillary is very long and thin, 
extremely minute variations in the donsity of 
the liquid will cause perceptible variations In 
the depth of immersion, 

The capillary tube is calibrated in such a 
way that the lowest mark on the scale cor- 
responds to the specific gravity of the densest 
liquid that can be measured, and the highest 
mark corresponds to the specific gravity of the 
least dense liquid, with Intermediate readings 
for liquids of Intermediate density, Once the 
hydrometer is immersed and becomes stable, 
reaching its proper depth, it is possible to 
read the specific gravity of the liquid from 
the scale where it meets the surface of the 
liquid. The larger the bulb and the thinner 
the capillary, the more accurate the readings, 
but the range of specific gravities that can 
be read becomes narrower. In any case, the 
degree of accuracy of a hydrometer depends 
less on the capacity of the user than on the 
care with which the instrument was made, 
whereas the skill of the user is of primary 
importance in the case of the Mohr-Westphal 
balance and the pycnometer. 
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known as Archimedes’ principle—stating 
that a body will weigh less in water than 
in air by an amount exactly equal to the 
weight of water displaced. If the body is 
totally immersed, then the displaced 
water will correspond to the volume of 


5 
THE HYDROSTATIC BALANCE—The function- 
ing of a hydrostatic balance is based on the 
simple principle that the equilibrium of the 
balance is maintained only if the weight on 
one side equals the weight on the other side. 
The object whose specific gravity is to be 
determined is attached to one side, and 
weights of known value are attached to the 
other side until the balance attains equilibrium 


b 


THE MOHR-WESTPHAL BALANCE FOR 
SOLIDS—The German chemists Karl F. Mohr 
and Wilhelm H. Westphal devised a hydrostatic 
balance that operates on the same principle 
as the balance in Illustration 5, but more ef- 
ficiently. The balance is placed in equilibrium 
by allowing the long arm on the left to carry 
a specific number of rider weights that can 
be removed. When the object to be tested is 
attached, enough of these rider weights are 
removed to maintain the equilibrium; their 
total weight equals that of the object attached. 
When the object is immersed in water, thereby 
losing weight, enough riding weights are re- 
Stored to tfie arm to regain equilibrium; their 
total weight is that of the water displaced. 
The specific gravity of the. object is found by 
dividing the first total by the second. 


the object. If the body is floating, the 
weight of the displaced water will equal 
the weight of the object. Either of these 
approaches may be used to determine 
the density of various objects. The ratio 
between the density of an object and 


(Illustration 5a), at which point the value of 
the weights is totaled and this total is noted 
as the weight in air of the object under test. 

In Illustration 5b, the two sides remain the 
same as in the previous operation, the object 
under test suspended on the left and the 
weights on the right. A glass of water is 
placed under the object so that the object is 
immersed. The force of buoyancy—an upward- 


that of water is kno 
gravity of the object 
vices, based on Arc 
may be used to dete 
gravity of both solid 
including the hydrost 


thrusting force opposite 
ends the equilibrium of tt 
librium is restored by re 
weights (Illustration 5c) 
maining weights is the 
in water; the total of the 
the weight of the water 
ject. To find the specific 
the weight of the objec 
the weight of the water 
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DILUTE SOLUTIONS | 


ns display a number 
ies that do not de- 
of molecules in the 
4 matter), but rather 
sse molecules. These 
vering of vapor pres- 
he boiling point, the 
zing point, and os- 
lectively sometimes 
tive properties. 


Dilute liquid : 
of physical p 
pend on the 
solute (the dis 
on the numbe 
properties are 
sure, the raisi 
lowering of t 
motic pressu 
designated as 


If a certai ntity of a solute is 
placed in a s: and no chemical re- 
action is invo! these colligative prop- 
erties are ap] t to a degree that is 
not in propo to the quantity (in 
weight) of th ute used, but in pro- 
portion to th. ial number of mole- 
cules or ions l in the solution, re- 
gardless of t weight or size. For 
example, a er grain of sodium 


chloride (sal 
variation in t 
a given quan 


l| produce a greater 
lligative properties in 
solvent than a quar- 


ter grain of r iodide, merely be- 
cause there nore molecules in a 
quarter grair ult than in a quarter 
grain of cop dide—that is, a mole- 
cule of salt > s less than a molecule 
of copper iod \nother way of express- 
ing this last í by using the concept 
of the mole atomic weights of all 
the atoms in nolecule, expressed in 
grams): a sol ; is described as dilute 


or concentra! 
Or greater nu: 
solute) in, say 


ccording to the lesser 
r of moles (of a given 
liter of the solution. 


LOWERING OF VAPOR PRESSURE 


Vapor pressure is the tendency of a liq- 
uid to vaporize, or the amount of pressure 
Tequired to restore a vapor to its liquid 
Phase. If a solute with negligible vapor 
Pressure is added to a solvent with con- 
siderable vapor pressure, it can be proved 
through experiment that the vapor pres- 
Sure of the solvent will be lowered, in 
Proportion to the concentration of the 
Solute (that is, the number of moles it 
Contains). This relationship was formu- 
lated by F: rancois Marie Raoult, a French 
Chemist. 
If P, represents the vapor pressure of 
à pure solvent and P the vapor pressure 
x solution consisting of n» moles of 
lute and n, moles of solvent, then the 
Gane of decrease in vapor pressure 
occurs when the solute is added to 


the solvent is equal to the product of the 
vapor pressure of the solvent and the 
mole fraction of the solute (the ratio of 
moles of the solute to those of the solu- 
tion): 


= n2 

Po —P = Po PE 
and the vapor pressure of the solution 
is equal to the product of the vapor 
pressure of the pure solvent and the 
mole fraction of the solvent (the ratio 
of moles of the solvent to those of the 
solution): 


ny 
"ntn 


These equations lead to the following 
usual expression of Raoult’s law: The 
relative lowering of the vapor pressure 
is equal to the mole fraction of the solute: 

P, —P na 


a A fa SUC} 
Po mtn N° 


If the solute is ionized, the number of 
moles in the solute n; must be multiplied 
by a whole number corresponding to the 
number of ions produced by a molecule 
of the solute—for example, 2 for sodium 
chloride. Inasmuch as the lowering of 
the vapor pressure is proportional to the 
number of particles in solution, the ion- 
ization will cause the vapor pressure, in 
the case of a sodium chloride solute, to 
double. 

The molecular weight of the solute 
can easily be calculated by measuring the 
vapor pressure of the solution. The num- 
ber of moles of a substance n equals the 
ratio between the weight of the substance 
in grams g and its molecular weight M: 


4 


n> M 
Understanding that M; is the molecular 
weight of the solvent, Ms is the molecular 
weight of the solute, and G is the weight 
of the solvent in grams, and substituting 
these values for n in a previous equation, 


In the case of dilute solutions, the term 


n, or -5- in the denominator can be ne- 
CUM: 


z . 
glected, since it is much smaller than ni: 


measurements of 
molecular weights 


M 


If the weight of the solute added to 
the solvent and the molecular weight of 
the solvent are known, this equation will 
give the molecular weight of the solute 
by measuring the vapor pressures of the 
solvent and the solution. However, inas- 
much as the vapor pressure is greatly de- 
pendent on the temperature, difficulties 
are encountered in making accurate mea- 
surements, and this method is not in gen- 
eral use. 


CRYOSCOPY AND 
EBULLIOSCOPY 


It is possible to determine the molecular 
weights of solutes and the concentration 
and osmotic pressures of solutions by de- 
termining the freezing points and boiling 
points produced in solvents by the addi- 
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temperature, °C 


RAISING THE BOILING POINT AND LOWER- 
ING THE FREEZING POINT—If a nonvolatile 
solute is added to a solvent, the resulting 
solution will have a higher boiling point and 
a lower freezing point than the pure solvent. 
In this graph, the ordinate represents vapor 
tension and the abscissa represents tempera- 
ture; the solute is sodium chloride (salt) and 
the solvent is water. According to Raoult's 
law, the curve for the solution will be lower 
than that of the solvent. Therefore, the curve 
intersects the line representing a pressure of 
1 atmosphere (760 mm or 29.92 in. of mer- 
cury) at a temperature exceeding 100° C (to); 
this intersection point represents the boiling 
point of the solution. By analogy, the freezing 
point will be less than 0° C, and is represented 
on the graph at ta. 


————————— 
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tion of solutes. This process is known re- 
spectively as cryoscopy (in the case of 
freezing points) and ebullioscopy (in the 
case of boiling points ). 

Because the presence of a nonvolatile 
solute-one with negligible vapor pres- 
sure—influences the vapor pressure of the 
solution, it must also affect the boiling 
point of the solvent; for the boiling point 
is in fact that point at which vapor pres- 
sure becomes equal to atmospheric pres- 
sure. If the presence of a solute in a sol- 
vent causes a decrease in vapor pressure, 
it must thereby cause a corresponding in- 
crease in the temperature at which the 
solvent will boil. Similarly, if a solution, 
because of the presence of a solute, has a 
lower vapor pressure than the pure sol- 
vent, it will freeze at a lower temperature. 

The lowering of the vapor pressure is 


OSMOTIC PRESSURE—If two solutions of 
identical composition but different concentra- 
tion are separated by a semipermeable mem- 
brane (Illustration 3a)—one that permits only 
the solvent to pass through it—the direction of 
flow will be from the more dilute to the more 


3 
a 


semipermeable 
membrane 


concentrated 
solution 


solution 


CRYOSCOPY—The apparatus shown in the 
photograph, known as a double thermoscope, 
is used to verify the fact that a solution (in 
this case, brine) has a lower freezing point 


a specific substance (a solute) is dis- 
i mes pue solvent (water: solved in 1 kg of solvent, it lowers the 
freezing point or raises the boiling point 
by a value that is known as the cryo- 
scopic or ebullioscopic constant for that 
substance, and is represented by K. The 
molal concentration—the number of moles 
per kg of solvent—is represented by c. By 
multiplying these two factors, the cryo- 
scopic (or ebullioscopic) constant and 
the molal concentration, the value of At 
is obtained; that is, At = Kc. Now, if P 
grams of solute are dissolved in 1 kg of 
solvent, and PM is the molecular weight 
of the solute, then a proportion is estab- 
lished: P: At = PM : K, 

Using a solute of known molecular 
weight PM, the value of K (which is con- 
stant for any given solvent) can be cal- 
culated thus: 


Ed EU. É K 
proportional to the concentration of the S 
solution; it, therefore, follows that this and the same experiment can be carried 
will apply to these new factors, with the out with solutes of unknown molecular 
distinction, however, that the concentra- weight. In fact, from the preceding equa- 
tion will be expressed not in terms of tion it follows that PM — PK/At, indicat- 
mole fractions (as before) but in terms ing how this unknown quantity can be 
of molal fractions. ( Mole fractions refer calculated. 
to volume-1 mole of solute to 1,000 mil- These methods for the determination 
liliters of solvent; whereas molal frac- of molecular weight give more reliable 
tions refer to weight—1 mole of solute to results because they can readily be put 
1,000 grams or 1 kilogram of solvent.) into practice. The variation of tempera- 
The symbol At is used to represent ture can be very accurately measured 
either the lowering of the freezing point with differential thermometers; slight 
or the raising of the boiling point; this variations of atmospheric temperature. 
value will increase in Proportion to the moreover, will have no effect on the re 
quantity of the solute. When 1 mole of sults. The cryoscopic method is prefer- 


_ PM X At. 


concentrated solution (left :- right in the illus. 
tration). This flow will conti.» until the hydro- 
Static pressure resulting fc% the difference 


in level between the two ‘ons is exactly 
balanced by the osmotic ; ure exerted by 
the solute (Illustration 3b) 


rmeable 
rane 
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able to the ebulliosco nethod, be- 


cause ebullioscopic cons are smaller 
than cryoscopic consta id would, 
therefore, require excec ly accurate 
measurements. 

All the methods des: -the deter- 
mination of vapor pre cryoscopy 
and ebullioscopy—prod: slid results 
only when dilute soluti: e involved; 
when concentrated sol: are used, 
molecular weights will tained that 
will differ from those ob d by other 
means, because as a s m becomes 
more concentrated inte: n increases 
between the ions. Instead of complete 
dissociation, merely ane uilibrium oc- 


curs between the dissociated and un- 
dissociated molecules. 

Another phenomenon that frequently 
occurs and that must be avoided consists 
of the association of the undissociated 
molecules of the solute. This occurs, for 
example, when labile or changeable 
bonds are established between one mole- 
cule and another—hydrogen bonds are a 
case in point—or when polar molecules 
interact. 

Aside from the interaction between the 
particles of the solute, another consider- 
able source of error may be the interac- 
tion of the molecules of the solute with 
those of the solvent, as in the forma- 
tion of compounds. In such cases, the 
solvent is no longer merely a solvent but 
is chemically active, and this activity in- 
fluences the results. ; 

The principle of cryoscopic lowering 
has practical applications. For example, 
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OSMOTIC SURE 
Dilute soluti liquids resemble gases 
in many wa 

1, In bot! s, the actual volume of 


ery small in comparison 
ccupied. 

tain quantity of a gas is 
»pty container, the gas 
diffuse throughout the 
it the concentration of 


the molecul: 
with the sp 

2. When 
placed in a 
molecules v 
container st 


the gas will + the same throughout the 
space; simil: when a salt is dissolved 
in water, will diffuse uniformly 
throughout : ;lvent. 

3, The n iles of a gas in a con- 


tainer exert 
the contain 
a special ki 
motic press: 


of blood ad 


ure against the walls of 
imilarly, solutions exert 
pressure, known as os- 
'or example, a few drops 
o water will redden the 
water beca: he water can permeate 
the cellula; mbrane and enter the 
cells; these |, increase in size until 
they burst, : release the cellular fluid, 
which diffuse: uniformly throughout the 
solution and ¿olors it. However, if the 
same quantity of blood were to be placed 
ina solution ‘hat had higher concentra- 
tion than the cellular solution, the cells 
would shrivel and the solution would not 
be colored. This phenomenon can be 
demonstrated experimentally by using 
semipermeable membranes that will re- 
tain the solute but will allow the solvent 
to pass, Such membranes are quite com- 
mon in both plant and animal life. 
; Thus, if two solutions are prepared, 
identical in composition except for the de- 
gree of concentration, and separated by 
a semipermeable membrane, the solvent 
will pass through the membrane from the 
less concentrated to the more concen- 
trated solution until the concentration on 
both sides of the membrane is the same. 
The level of the two solutions, which will 
have been the same at the start of the ex- 
ae will be different once equilib- 
um in concentration has been achieved 


—it will be higher on the side of the 
membrane occupied originaly by the 
more concentrated solvent. The mole- 
cules of the solute exert a pressure on the 
membrane and this causes the flow of the 
solvent across the “wall” between the two 
solutions. Equilibrium is attained when 
the hydrostatic pressure resulting from 
the difference in level between the two 
solutions is equal to the osmotic pressure 
of the solute. 

This flow of a solvent from a dilute to 
a more concentrated solution is known as 
osmosis, and the pressure required to 
prevent such a flow is known as osmotic 
pressure. Two solutions exerting the same 
osmotic pressure are said to be isotonic; 
solutions will be isotonic only if equal 
volumes contain an equal number of 
molecules of the solute. 

The Dutch physical chemist J. H. van't 
Hoff observed that the laws governing 
the behavior of gases are analogous to 
those affecting osmotic pressure. He 
formulated a principle, known as Van't 
Hoffs law, which states that a solute 
exerts as much osmotic pressure, when 
dissolved in a solvent, as it would exert 
if it were gasified at the same tempera- 
ture and occupying the same volume as 
that occupied by the solution. In other 
words, the numerical values of the os- 
motic pressure and the gaseous pressure 
would be identical if identical volumes 
of the gas and the solution contain an 
identical number of molecules. Thus, 
with m representing osmotic pressure, V 
the volume of the solution, g the weight 
in grams of the solute dissolved in V, PM 
the molecular weight of the solute, T the 
absolute temperature, and R a constant 
with the same value as that of gases, 


=% 
a XV = pay X RT. 


This equation can be used, just as in the 
case of gases, to calculate the molecular 
weight of an unknown substance, by 
transposing the terms thus: 


£ 
y * RT. 


PM=—y 


To use this formula, dissolve a known 
weight of the substance in a particular 
solvent; measure the volume, the osmotic 
and the temperature of the 


Because R is a known constant, 
alculated. 


pressure, 
solution. 
the molecular weight can be c 


OsSMOSIS—lilustration 4a shows a glass con- 
tainer holding a dilute solution. Suspended In 
the solution is a semipermeable bag holding 
a concentrated solution identical in composi- 
tion to the contents of the glass. The solvent 
in the dilute solution penetrates the bag, al- 
though the solute does not. After some time 
the bag has become swollen with the extra 
quantity of the solvent (Illustration 4b) and the 
level of the solution in the glass has fallen, as 
shown by the calibration. This phenomenon Is 
called osmosis; the pressure required to pre- 
vent the flow of the solvent from the less to the 
more concentrated solution is called osmotic 
pressure. 

——— 


The laws, just as in the case of gases, 
are limited and apply only to dilute solu- 
tions; if applied to concentrated solutions, 
correction factors must be introduced. 
This method is useful to determine the 
molecular weights of substances with a 
high molecular weight. 
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(5 LLOIDS microparticles 

O dispersed in media 

If a small amount of salt is placed in salt solution on the other side; the salt transformed from those of colloids to 

water and stirred, it forms a solution that solution will diffuse through the mem- those of true solutions, such as that of 

has a salty taste but looks just like the brane, However, if the second side is salt in water. 

water before the salt was added. If the filled with the gelatin-and-water mixture, 

water with salt dissolved in it is ex- no such diffusion will occur. THE OBSERVATION D STUDY 

amined a little more thoroughly, how- Both mixtures contain particles that OF COLLOIDAL PAR! "LES 

ever, it will be found to be somewhat move about in the water, but the par- 

denser than pure water; moreover, the ticles in the salt solution are small Colloidal particles are tco small to be 

salt can be extracted from it in several enough to pass through the microscopic seen by the eye or ever ‘rough an op- 

ways, one of which is by merely allowing holes in the membrane, whereas the gel- tical microscope; the largest colloidal 

the water to evaporate. atin particles are too large to do so—in particles have a diamcter of about 
Now, if some ordinary gelatin, such some cases they are several hundred 0.1 pm, about one-third the size of the 


as isinglass, is placed in water and vig- 
orously stirred, it not only remains visi- 
ble but increases in volume, swelling in 
a few hours to a volume several times 


times as large as the salt particles dis- 
solved in water. 

A mixture of two substances composed 
of particles of small dimensions, say, less 


smallest object directly 
an optical microscope 
however, by using a tec 
as dark-field illumination, 


visible through 


is possible, 


nique known 


to "see" colloi- 


greater than that of the original gelatin. than 0.1 um (micron), is called a colloid. dal particles through a microscope of 
Careful study will show that the two A colloid behaves like the gelatin swol- high magnification. The container in 
mixtures of water and solid substance len in water; the smaller the dispersed which the colloid has ^n placed is 
behave in completely different ways. For particles in the colloid, the more pro- placed under the objective of the micro- 
example, a container divided into two nounced are its characteristic properties. scope; a beam of light il'uminates from 
halves by the insertion of a permeable If the particles are very small, however, one side the area cont ing the par- 
membrane, such as parchment, can be only slightly larger than atoms, the prop- ticles to be viewed, in such a way that 
filled with pure water on one side and erties of the suspension are gradually the particles scatter the “ght, It is the 
scattered light, of course, :«ther than the 
RUBY GLASS—Colloids that consist of solid gold in the mass of glass. The gold particles rticles, that i mn. T operation is 
artiol particles, that is seen. pera: 
Caled old sols, Venetan not gei Se of thi am. tee A Gameter ofthe order analogous to the illum: cin of da 
Solid sol, formed by dispersing particles of particles suspended in th- air by a ray 
1 of sunlight; particles that ave otherwise 
not visible to the eye appear as tiny, 
luminous dots, 
Colloidal particles dispersed in gases 


or liquids can also be observed by means 
of electron microscopes, which obtain 
great magnification and fineness of de- 
tail of objects far smaller than 0.1 pm. 
Not only can the particles themselves be 
observed; their dimensions can be mea 
sured and their forms can be observed, 
and sometimes they appear to be rather 
complicated. However, the technique for 
obtaining a good preparation for exam- 
ination under an electron microscope is 
rather complex, 


APPLICATIONS 


The study of colloids is of great scien- 
tific and industrial importance; many 
processes involving animals and plants, 
and some even involving minerals, are 
studied by means of colloid chemistry. 
Colloidal grains account for the sensiti- 
zation of photographic plates; the clay- 


maturing p 
dustry and 
cements are 
tanning, the 
soap, the ; 
volve prob 
chemistry 

massive inc 


thetic fiber: 


—— — 


EMULSIFIED 


particles of a 


lutes a collc 
emulsion illu: 


Persed in wat 


ses in the ceramic in- 
setting phenomena of 
idal. Brewing, dyeing, 
facture of rubber and 
ation of water—all in- 
in the field of colloid 
‘eld is the basis for the 
ıl exploitation of syn- 
ir manufacture, partic- 


The suspension of micro- 
j in another liquid consti- 
jown as an emulsion. The 
d is composed of oil dis- 
nd is used as a lubricant in 


PUMICE—Another kind of 
colloid consists of gas dis- 
persed in a solid. Pumice is 
a form of lava, erupted from 
volcanoes, that solidified so 
rapidly that within it are 
trapped large quantities of 
volcanic gas as minute bub- 
bles, some of which are 
fairly large but most of 


which are small enough to 


justify the classification of 
this rock as a colloid. 
Pumice is sometimes called 
volcanic glass, sometimes 
solid foam. Because it con- 
tains so much gas, pumice 
is often light enough to be 
buoyant, and floats on water. 


ularly for use in textiles, is often made 
possible by chemical treatments that 
transform the raw colloidal product into 
a mass that can be drawn and reduced 
into yarn. 

One extremely important field con- 
cerned with colloids is medicine, espe- 
cially biochemistry, because much of the 
human body is composed of colloidal 


metal-cutting operations carried out with ma- 
chine tools. Its high water content enables it 
to cool the pieces of metal that are being 


worked. 
GRAPHITIZED OIL—Solid particles suspended 


substances, including the tissues and 
even blood. Colloid chemistry, therefore, 
assumes great importance in the study 
of many serious illnesses that lead to the 
degeneration of these parts of the or- 
ganism, 


PROTECTIVE COLLOIDS 


Some substances in the colloidal state 
are quite difficult to preserve, but can be 
made more stable by the addition of 
other colloids, usually organic sub- 
stances, that are known as protectors. Sil- 
ver bromide, for example, can be pre- 
served in the colloidal state by adding 
l percent of gelatin, which acts as a 
protector. The measure of the protective 
effect of one colloid on another is known 
as the gold number. This represents the 
number of milligrams of a protector 
needed to prevent 10 cc of a gold hydro- 
sol (a colloidal dispersion of gold par- 
ticles in water) from tuming from red 
to violet when 1 cc of a 10-percent solu- 
tion of sodium chloride (salt) is added; 
the smaller the gold number, the greater 
the protective action of the colloid. 


in a liquid medium as a colloid are called hy- 
drosols; hydrosols are common in both organic 
and inorganic substances. This suspension of 
minute particles of graphite In water and oll 
is used as a lubricant for mechanical parts. 
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FOAM—This colloid consists of gases dis- 
persed as bubbles within a liquid. Such a 
light, frothy mass formed in a liquid is known 
as a liquid colloidal foam. 


THE TYNDALL EFFECT—A ray of light passing 
through a homogeneous, transparent, and per- 
fectly limpid substance cannot be seen. Illus- 
tration 8a shows a glass basin filled with pure 
water, through which a beam is thrown by a 
spotlight; the beam cannot be seen, although 
the walls of the basin reflect the light and 


8a 


6 

SPRAY—The dispersion of colloidal particles 
of liquid in a gas is known as an aerosol. Such 
droplets may be as large as a micron in di- 
ameter and fall rapidly, while others are much 
smaller and remain suspended in air for long 
periods. Normal fog is such an aerosol. 


show that the beam has passed through the 
water. 

If a colloidal dispersion is produced in the 
water or in any other homogeneous substance, 
the minute particles of the colloid will diffuse 
the light in all directions. Illustration 8b shows 
a basin of water in which soap particles have 


8b 


í 

SMOKE—The dispersion 
a gas is called a solid a 
dusts projected into th 
canoes; dusts produced t 
teorites; dusts lifted fr 
smoke produced by inc 
sending particulate matte 
smog. Cigarette smoke i 
a solid aerosol. 


been dispersed, forming 
the beam is clearly visit 
light is called the Tync 
monly observed when a 
trates a dark room, il 

normally invisible dust p 
light appears as a beam 


id particles in 
Examples are 
phere by vol- 
reakup of me- 
rts by winds; 

combustion, 
he air to form 
er example of 


j; the path of 

diffusion of 
t. It is com- 
jf light pene- 
the tiny and 
1 the air; the 


BIGHT AND COLREGIDS | suspensions scatter light 


for example, that suspensions of very 
large particles tend to scatter light away 
from its source, whereas suspensions 
containing minute particles tend to scat- 


ter light either in the direction of or at 
right angles to its source. Moreover, ra- 
diations with varying wavelengths are 
scattered in varying manners. 


The diffusion ot light constitutes a very 
effective mc' for investigating some 
characteristi colloidal suspensions. 
It can be v by direct observation, 
———— 

THE PRINCI * THE MEASUREMENT— 
This illustrati vs the principle of the 
measurement olored glass or plastic 
container, tra t and fairly flat on at 
least one si: sives the suspension. A 
beam of white projected into the con- 
tainer. If the er were empty or filled 
with limpid the beam would pass 
through it w »eing visible; when the 
water contain nded particles, however, 
luminosity of intensity marks the path 
of the beam, t the particles scatter the 
light as it stri m, reflecting this light in 
all directions. jht can be observed that 
has left the di of the original beam and 
follows the di: indicated by the arrows 
a, b, and c. V photometer is placed so 
that its axis |i ne of these arrows, the 


unched. First, if the light 
ctive (lens system) of the 
mination will be registered 
urrent of darkness on the 
attered light does reach 
viation from the current 
This deviation makes it 


experiment ca 
fails to reach t 
photometer, z« 
by what Is ca! 
photometer; b 
the instrumen! 
of darkness c 


possible to m« the value of the illumina- 
lion, dependin ihree factors. 

The first fac the intensity of the beam. 
The second is ncentration of the suspen- 
sion: in a dil: pension, only a few sus- 


pended partic! 


be present to diffuse the 
light, whereas 


excessively concentrated 


Suspension, p. will absorb part of the 
light, leaving be scattered. The third 
factor is the = it which the measurement 
EE 

|) 98 
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THE EXPERI “TAL SETUP — This photo- 


graph illustrate arrangement of the equip- 
Ment needed to carry out the experiment. The 
Source of the lioht is an ordinary slide pro- 
peter of moderate power, arranged to throw 
a eam into a glass container with flat, par- 
A Sides. and containing an opaline liquid. 
eee filter may be mounted on the objec- 
€ of the projector, making a restricted range 

Of Wavelengths possible. 
fee urements are made by using a photom- 
3 a ith a suitable type of detector mounted 
Fio. end of a wooden arm swiveling on a 
hh od board, The board is fixed to the side 
e faner as shown in the photograph, 
[rs qu He marked a protractor scale measur- 
NL ination of the wooden arm and, 
s Maids, e angle at which the measurement 
E choice of the photometer, or more pre- 
wl Its sensitive element, is quite impor- 
Tadlatio must possess high sensitivity for the 
À cere if possible, for all radiations of 
etter ' spectrum. An evacuated or, even 
i M gas-filled photoelectric cell is suitable 
ents E pose; but in the case of measure- 
Ñansisto a red light, photodiodes or photo- 
vty is rs can be used. If extreme sensi- 
Used E desired, a photoresistance can be 
E cularly by virtue of the fact that it 
Ses a large area that is optically active 


and can, ti 
fuseq Di. 'eretore, gather considerable dif- 


ci 


is made, which will affect the intensity mea- 
sured. 

If the intensity of the beam and the density 
of the suspension remain constant, the in- 
tensity of the scattered light can be determined 
at any angle; different results will be obtained 
by measuring in the direction of a, b, or c. To 
measure the concentration of the suspension, 
a calibration would have to be devised by 
filling the container with various solutions of 
known concentration and measuring the differ- 
ent diffused intensities at each concentration. 
Once a calibration curve has been constructed 
in this manner, the value of an unknown den- 


sity of concentration can be calculated by in- 
terpolation. The instrument used to measure 
concentration is known as a nephelometer. 

The most important observation is that of 
the variation of intensity of light scattered in 
the various directions: whether the light is dif- 
fused mainly in the direction of a rather than 
in the direction of b or c, and so forth. If the 
diffusion is mainly forward, this indicates that 
the average particle in suspension is of the 
same order of dimension as the wavelength of 
the radiation; if the opposite reaction occurs, 
the average size is smaller than that of the 
wavelength. 


—— FI 0 0000 o0 e 


/nogeneous gus. 


the colloid or the non) 


dimensions of the particles with pension, A container 


parison 
velengths of the radiation being 


Direct observation of particles in sus- which in effect constitutes a com 


pension, and particularly of their dimen- of the 


the liquid wid 
filters to selene 


velengths wil 


4 microscope 
f larger par 


the suspension and s: 
radiations of differen 


The equipment required is fairly 
simple, the most important device being also be necessary. ! 


a photometer. A slide projector is needed 
to cast an intense light to be diffused by 


difficult and, without the use of the wa 
pos usod 


an electron microscope, virtually im 


sible. However, an indirect 


is useful for observ 
ticles within the susy 


determina: 


thon of the dimensions of such particles 
can be made by the scattering of light 
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EMULSIONS 


Some liquids ot be mixed with oth. 

wen If oil is px | into a glass of water, 

a forms a laye top of the water, but 

H wili pot mi t. Because it is often 

i desirable, for ms of technology, to 

wombine two s that are normally 

pot miscible il ways have been 

1 found to dis; »e liquid in another 

producing at { colloid known as an 

| emulsion, W! one liquid is dis 

pared in the | f quite small droplets 

within the | of another liquid in 

which it is uble, an emulsion is 

formed, in t} the liquid forming 

the small dro called the dispersed 

phase, and th er liquid is called the 
Mispersing ph 

A naturally ed emulsion is exem- 

plified by mi! which small fat par- 

Holes are dispersed in an aqueous-sugary 


crude oil as it issues 
various hydrocarbons 
ilty phase. Emulsions 


phase Anoth« 
| from a well; | 


we in an aqu: 


we often cha: ized by a typical opal 
erence or n They may be ob- 
tained by be- two liquids for a pe 
fod of time, | ich an emulsion is not 
Wely to last 

The dropl. the dispersed liquid 
May vary in usually ranging be 


Tren 1,000 a 1000 Angstroms. Such 
particles sho: ot 
the large mol. typical of other col 
substan in 


Individual dr: 
mands of simp 
A major pr 
tion of t 
applies 
be separated by allowing sedimen 
Mitin to take place over a period of time 
by forcing sedimentation through cen 
I motion. Both these methods are 
Weed to separate the fatty phase of milk 
feream) from th. (queous-sugary phase 
Methods include the differentiation 
temperature of the components and 
Addition of special substances 


be confused with 


an emulsion, each 
tually consists of thou 
olecules. 

with emulsions is the 
component liquids, No 
they 


erally can some 


VMULSIFIERS 


AM as been mentioned, unstable emul 
Mom can be formed by merely beating 
two component liquids 
BRIG, the two insoluble liquids tend to 
Separate layers, and the amount of 

Wa dispersed liquid is rather small 
Separation of the two phases is 
ementially thermodynamics 
n emulsion to be stable, the free en 
pi of the emulsion must be less then that 
the separated liquids (AC = AH — 


after a 


based on 


| dispersions of 
liquids in liquids 


TAS). Now, AS (the variation of the 
entropy ) is positive in the mixing of the 
two liquids. The enthalpic term AH, how 
ever, is strongly positive-that is, work 
must be performed in order to create the 
emulsion, such as the beating of the two 
liquids—and the algebraic sum of the two 
terms is positive. After a while, there 
fore, the emulsion returns to the condi 
tion of minimum free energy; that is, it 
separates into two liquids. 

It has been discovered that the pres 
ence of particular substances known as 


emulsifiers makes it possible to prepare 
emulsions that are stable for a long 
period of time and are fairly rich in dis 
persed liquid. Emulsifiers are usually 
classified as soaps or as fatty proteins 
(lipoproteins) such as the casein that 
stabilizes the fat component in milk 
The soaps are formed by an inorganic 
cation (positively charged fon), such as 
that of sodium or potassium, and an 
anion (negatively charged ion) with a 
lengthy such as stearic acid 
palmitic acid, laurie acid, olele acid. 
and others, According to the most plau 
sible theories, as in the case of emulsion 


chain, 


of oil in water, the soaps act by becom 
ing adsorbed to the interface between 
the droplets of dispersed oil and the dis 
persing aqueous phase; soaps thereby 
stabilize the droplets by causing a bond 
between the two liquids because. the 
soap molecule has a partial affinity for 
the oily phase and also for the aqueous 
phase. The long soap molecules am said 
to be so arranged that the hydrocarbon 
part of the chain is in the oily phase and 
the end of the COO-Na* ion is in the 
aqueous phase, thus binding the two 
phases. This theory is confirmed by the 
fact that other molecules, such as the 
alkyl-sulfonic acids, the quaternary am 
monium salts, and the bile acids-all of 
which are hydrocarbon chaim ending in 
ions-have the same emulifying effects 
as do the soaps. It is alo worth noting 
that the emulsifying capacity of a soap. 
at least up to a certain point, seem te 
be directly related to the length of the 
hydrocarbon chain=the longer the chain 
the more active the soap. Beyond the 
limit of 18 to 20 carbon stoms, however 
the fatty properties predominate aed the 
soaps become imoluble in water. It should 
ako be noted that the degreating eflet 


of the soaps depends on the formation 
in water thet i 


of an emulsion of fats 
made possible only because of the pres 
ence of the soap. 

An emulsion stabilized with soap can 


be separated isto two liquid phases 


merely by 
chloride 
direct 


adding won welt (nodis 
În this cane the reaction i in 
the 


wperates out the soap, causing the emu) 


fow excess of sah actually 


sion to low is emubilhylng agent and 
therefore its stability, end resulting in the 


separation of the liquids into layen 


EMULSIFIERS AND 
WETTANILITY 


Just as it ts possible to obtain an emal 
sion of oll 
(dispersing phase 


dispersed phase) in water 


s it b pomible to 


obtain an emulsion of water ( dispersed 


phase) in oil (dispersing phase 

It has also been found—although some 
aspects of the phenomenon are not too 
clear—that à relationship exit between 
the type of emulsion that an emulsifie 


! 

TWO LIQUIDE THAT DO WOT MIT Wren two 
Boude thal do moi min are Combined even 
when they are strongly agitated no labe) 
emden lume be eute BK a ee ton a m 
postitse for thermodynamic — whe 
rebon modd We reate the Ire emm gy of he 
fyMem whioh is lmpossitée Instead the te 
quide wil orem layers more or lens rap 
wil ait the ghter baud Miste o^ the hoere 
quid (Miustration ta) 

Homere ia compen! is added to rod a 
[P the Baguerted m ese ore 
stabi zed by a moncmetecua tem of e ad 
Give at the interface. he emotion i» abe 
ipod ad the Paro quide do nod separata (Dus 
amon th) 
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MICELLES IN EMULSION—The micelles of an 
emulsified liquid are so large that they can 
sometimes be seen under a microscope. Even 


can stabilize and the wettability of the 
emulsifier. Wettability is the capacity 
of a substance to become dissolved or 
(in the case of colloids) dispersed in a 
liquid. It has been found that an emul- 
sifier tends to stabilize an emulsion in 


when the addition of emulsifiers causes max- 
imum dispersion, the micelles remain consider- 
ably larger than the molecules—even in the 


which the dispersing phase can wet the 
emulsifier itself. For example, if the 
emulsifier is wetted more by the water 
than by the oil, it will function better in 
an oil-in-water emulsion; but if the 
emulsifier is wetted more by the oil than 


PHASE INVERSION — Phase inversion pro- 
vides an interesting experiment in the field of 
emulsions. A concentrated emulsion of oil in 
water, stabilized by the addition of an alkaline 
Soap, is transformed into an emulsion of water 
in oil by the further addition of alkaline-earth 
salts. This effect, which can be made apparent 
by adding a coloring agent that dissolves in 
oil and is, therefore, effective only when the 
oil becomes the dispersing phase, results from 
the formation of alkaline-earth Soaps that sta- 
bilize emulsions of water in oil. The two illus- 
trations are a schematic representation of this 
effect. In Illustration 3a, the oil-in-water emul- 
Sion is stabilized by an alkaline soap (R— 
COO- Na); in Illustration 3b, a water-in-oil 
emulsion is stabilized by an alkaline-earth 
soap (R—COO— Ca— COO- R). 


emulsion, 
30,000 À 
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case of polymers. The illust 
relative diameters of som 
micelles. 


suggests the 
ecules and 


better in a 
e, the fact 
ily wetted 
» the phase 
therefore, 
zed as dis- 


by the water, it will fun 
water-in-oil emulsion. T! 
that an emulsifier is mor 
by one or the other will i: 
favored by its molecule 

the phase that will be s 
persing medium. 

The alkaline soaps (: 
ium, sodium, or potassiun 
stabilize oil-in-water em 
as the alkaline-earth soap 
calcium or magnesium ) £ 
in-oil emulsions. This results irom the fact 
that in the alkaline soaps most of the 
wettable surface is provided by the ions, 
which arrange themselves on the outside 
of the oily micelle (aggregate of mole- 
cules) to be emulsified; whereas in the 
alkaline-earth soaps the two chains of 
paraffins linked to the metallic atom 
form the principal part of the molecule 
and, therefore, arrange themselves on 
the outside of the drop to be emulsified, 
favoring the emulsions of water in oil. 

The technical and biological aspects 
of emulsions are vast. The principal tech- 
nical uses are in pharmacy and cosmetics, 
in food preparations, and in many indus- 
tries, especially leather, textiles, and pa- 
per. Oils frequently are emulsified com- 
mercially. The main reasons are to dilute 
the oil, to increase the area of interface, 
and to modify objectionable physical 
properties. 


es of lith- 
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THE GASEOUS S TAE 


three states that are de- 


Matter exist 

fined in ter of the mobility of the 
molecules i » particular state. Solids 
contain mo that are almost com- 
pletely rest in their movement. The 
atoms and cules of a solid are held 
rigorously ed positions by strong 
electrical, c al bonds. Because nearly 
all of the : energy of the solid is 


ming a solid causes an 
ibration. 


vibrational 
increase in 


A liquid : s from a solid in that the 
molecules : t held in fixed positions, 
but are he ;ether by comparatively 
weak force: ttraction called Van der 
Waals forc xe molecules in a liquid 
may move ut throughout the liquid, 
and warmi: reases this random move- 
ment. Mole ; in a liquid, therefore, 
possess tra: mal kinetic energy. If a 
liquid is st ntly warmed, the trans- 
lational mc cnt overcomes the weak 
Van der \ forces, and the liquid 
vaporizes. 

A gas co s molecules that are far 
apart and | ! only by the container. 
The moleci f a gas are in continual 
random mo Unlike a liquid or solid, 
a gas has 1 finite shape and no defi- 
nite volume xpands to occupy its con- 
tainer. Incy ig the temperature of a 
confined gas increases the movement of 
the molecules and the number of colli- 
sions between them. The chaotic nature 
of matter in the gaseous state requires a 


rigorous definition of any particular gas 
sample, It is necessary to define the mass, 
volume, temperature, and pressure of a 
gas in order to describe it completely. 


PRESSURE, TEMPERATURE, 
AND VOLUME 


It is impossible to isolate any of the prop- 
erties of a gas, as they are mutually de- 
pendent. The temperature of a gas is a 
Measure of its kinetic energy. An in- 
Crease in temperature causes an increase 
in the kinetic energy of the molecules in 
the gas. If the kinetic energy increases, 
the average speed of the molecules must 
Correspondingly increase. Higher speeds 
cause molecules of a gas to collide with 
One another and with the walls of their 
Container more often, and these collisions 
exert a greater force than collision at 
lower speeds, 

Therefore, with the volume kept con- 
stant, an increase in temperature causes 
an increase in pressure, because the force 
per unit area on the walls of a container 
is the measure of gaseous pressure 


An increase in temperature causes no 
increase in pressure if the volume of the 
container is made larger; the more ener- 
getic collisions are spread out over a 
greater surface, and the pressure remains 
the same. Charles’s law (also known as 
Gay-Lussac’s law) explains that the tem- 
perature and volume of a gas are directly 
proportional, providing the pressure re- 
mains constant. A mathematical represen- 
tation of Charles’s law requires that the 
temperature be measured on the Kelvin 
(absolute temperature) scale, which has 
absolute zero—the lowest possible theo- 
retical temperature—for its zero point. All 
random molecular motion would cease 
at a temperature of absolute zero under 
these circumstances. 

Charles's law can be expressed mathe- 
matically: 


m 
=5 


ejs 


where t represents the absolute tempera- 
ture measured in degrees Kelvin, and v 
represents the volume measured in con- 
ventional volume units. This gas law re- 
quires that only the temperature and vol- 
ume be permitted to change—the mass of 
gas and the pressure must remain con- 
stant during this change. 

Boyle’s law gives the relationship be- 
tween the volume and pressure of a sam- 
ple of gas kept at a constant temperature, 
as follows: The volume and pressure of 
a given quantity of gas are inversely 
proportional providing the temperature 
is held constant. A bicycle tire pump 
serves as a simple example of Boyle's 
law. If the outlet of the pump is sealed 
in such a manner that no air escapes, 
and the handle is pushed down, the vol- 
ume of the trapped gas inside the pump 
will decrease. A measurement of the 
force required to depress the handle can 
be compared with the distance that the 
handle has been depressed. The volume 
is a measure of the gas remaining, and 
the pressure is a measure of the force re- 
quired to compress it. For truly exact re- 
sults, the tire pump would have to be im- 
mersed in a water bath maintained at 
constant temperature. 

Boyles law can be expressed. mathe- 
matically: p ? — p' t^, where p is the pres- 
sure measured in atmospheres or conven- 
tional pressure units, and v is the volume 
sured in conventional volume units. 
this form, tem- 
f gas must be 
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held constant. 
Charles's and Boyle's laws can be com- 


a chaotic disorder in nature 


bined to form a more workable gas law: 
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Such a gas law can be used to explain 
and predict the properties of a given 
sample of gas even though pressure, 
temperature, and volume are allowed to 
vary independently. 


THE DIFFERENCE BETWEEN 
REAL AND IDEAL GASES 


Boyles and Charless laws are used to 
describe real gases at temperatures and 
pressures that are neither extremely high 
nor low. These laws hold for an ideal 
gas, which is indeed defined as one that 
obeys these laws. An ideal gas, however, 
must include some confining assumptions: 
its molecules must exhibit no intermolec- 


———— 


BOYLE’S LAW—The volume and pressure of 
a fixed quantity of gas are inversely propor- 
tional at constant temperature. This law is 
named in honor of the English physicist and 
chemist Robert Boyle, who carried out exten- 
sive experiments on the behavior of gases. 

The illustration shows two containers hold- 
ing the same quantity of gas. The thermome- 
ters indicate that the temperatures of the con- 
tainers are equal; however, the pressure of the 
lower container is higher than the pressure 
of the upper container due to the decreased 
volume. 
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ular attractions, and the gas must be 
infinitely compressible. Intermolecular 
attractions are weak in gases, but they 
are nevertheless present in the form of 
Van der Waals forces. If a gas were in- 
finitely compressible, it would disappear 
completely at great pressures. Real gases 
can be compressed only until the spaces 
between the molecules have been ex- 


hausted. Gaseous behavior ceases when 
the molecules are held extremely close 
together. 

Equations have been developed that 
describe the behavior of real gases. These 
equations are complex and they differ 
for individual gases. The Van der Waals 
equation for real gases, used to describe 
any real gas at any temperature and pres- 


sure, is stated in the eq 
nRT 
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C AY-LUSS ACS L AW | the ideal road to the absolute 


To many students, physics sometimes 
seems one long litany of laws with the 
name of a scientist attached to each dis- 
covery. However, the laws can take on 
the appearance of links in a chain, for 
one man’s discovery often is the basis for 
another man’s research and discovery. 
Boyle’s law, for example, interprets the 
behavior of a gas when its pressure and 
yolume vary while the temperature is 
kept constant. ^ natural follow-up in- 
yestigates what happens when the vol- 
ume is kept constant while the tempera- 
ture is varied. The apparatus to be used 
in this experiment is shown in Illustration 


1. It consists of a graduated glass cylin- 
der, closed at the top by a stopcock; its 
bottom is connected, by means of a rub- 
ber tube, to a second glass cylinder that 


is open. Because of the principle of com- 
municating vessels, the mercury reaches 
the same level in both cylinders; the 
upper part of the first cylinder, between 
the meniscus of the mercury and the 


stopcock, is ful! of gas (air, in this case). 
Once the system is set up, it is allowed 
to stand until «ach of its parts assumes 


the temperature of the environment. 
When this point of equilibrium is 
reached, the temperature and pressure 
are noted with the help of a manometer 
and a thermometer. The value disclosed 
by the manometer is indicated by P, (ini- 
lial pressure); and the value shown by 
the thermometer by to (initial tempera- 
ture). The graduated cylinder is then 
enclosed in a sleeve and the temperature 
of the gas is raised from tọ to t. The gas 
molecules will now increase their speed 
of motion (kinetic energy), striking the 
walls of the cylinder more frequently and 
With greater force; the pressure of the 
gas, therefore, increases. Next, the tem- 
perature is raised by 10° C (for example, 
from 20° to 30°C). The volume of the 
gas is kept constant by raising the second 
cylinder as much as necessary to keep the 
mercury in the first cylinder at the same 
level. (In fact, as the gas expands, it will 
continue to depress the level of the mer- 
cury.) A glance at the manometer will 
show that the pressure has passed from 
One atmosphere to 1.0365 atmospheres. 
How much has the pressure increased per 
degree of temperature change? Gay-Lus- 
sacs law, formulated in 1802 by the 
French chemist Joseph Louis Gay-Lus- 
Sac, gives the answer. The law states that 
the final pressure is equal to the initial 
Pressure plus a certain fraction for each 
degree of increased temperature. This 
fraction amounts to 1/273 of the initial 


pressure for each degree of temperature. 
The law is written in this way: 


P, = Py(1 + Bt) 


where f is 1/273 or 0.003663 and t is the 
temperature change; 8 has the same value 
for all gases, irrespective of the chemical 
nature of the gas or the temperature in- 


GAY-LUSSAC’S LAW—This apparatus makes 


it possible to verify the variations of the vol- 
1 


ume and pressure of a gas with variations of 
the temperature. 
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PRESSURES, VOLUMES, AND TEMPERA- 


TURES—The thermometer and manometer 
readings in Illustration 2a show that if the 
volume remains constant, an increase in the 
temperature causes an increase in the pres- 
Sure of the gas. If the pressure remains con- 
stant, an Increase in the temperature of the 
gas will cause an increase in the volume of 
gas (Illustration 2b). 


——— ————Á 


terval. Suppose another experiment is 
tried, using the same apparatus. This 
time the pressure is kept constant by dis- 
placing the second cylinder in such a 
way that the mercury will always be at 
the same level in the two branches. The 
gas again is heated, causing it to expand; 
às it expands it pushes the mercury down 
as long as the pressure remains constant. 

If the same calculations used before to 
find the pressure are now repeated, the 
increase of volume per degree of temper- 
ature can be found for every type of gas, 

The final volume V, will therefore be 
given by: 


Vi = Vo(1+ at) 


where æ is practically equal to B. In 
other words, the pressure and the volume 
of the gases vary according to the same 
coefficient (1/273) for each degree of 
temperature variation, 

These experiments show how the pres- 
sure and volume of a gas vary as func- 
tions of the temperature, The next step 
is to evaluate the significance of these ex- 
pressions and see what actually is hidden 
beneath these formulas, 

Two cylinders, each filled with an ideal 
gas, are needed. An ideal gas is used 
simply because it is convenient; since the 
experiment calls for very low tempera- 


tures, the use of an ideal gas avoids the 
problem of liquefaction. The piston of 
the first cylinder is fixed; the gas is then 
heated. As the temperature is increased, 
the values of the rising pressure are noted 
from the manometer. The same operation 
is carried out with the second cylinder, 
except that the piston is left free to slide. 
This time the rise in temperature causes 
an increase in the volume of the gas. 
These values are also noted. What will 
happen when both cylinders are cooled? 
Tn the first cylinder the pressure will fall 
to zero, while in the second the piston 
will move into the cylinder until the vol- 
ume is completely annulled. There thus 
exists a temperature at which both vol- 
ume and pressure drop to zero. The task 
now is to determine the exact value of 
the temperature at which this happens. 
First, the pressure, volume, and tempera- 
ture data noted in the experiment are 
plotted ( Illustrations 3a and 3b). In these 
graphs, the values of the temperature are 
placed on a horizontal line, the abscissa, 
while the values of the volume and pres- 
sure are placed on a vertical line, the 
ordinate. It will be seen that all the data 
lie on the same straight line that inter- 
sects the abscissa at a temperature of 
—273.16° C (about —459° F). Stated sim- 
ply, this means that at this value of the 
temperature, the pressure and volume 
have a value of zero. 

Thus, —273.16? C represents the lowest 
temperature that can be reached. At 
lower temperatures, in fact, negative val- 
ues of pressure and volume would result. 
This value of the temperature, therefore, 
takes the name of absolute zero. The true 
significance of absolute Zero can be seen, 
given the facts already learned. It was 
stated earlier that the temperature of a 
body represents the state of motion of its 
molecules. Therefore, the pressure is com- 
pletely annulled at the very moment when 
there is no longer any molecular motion 
within the gas, when the impacts against 
the walls have disappeared. The tem- 
perature of the gas is also zero, because 
all thermal movement of the molecules 
has stopped. If the experiment had been 
carried out with a real Eas, absolute zero 
would not have been reached because 
the gas would have liquefied before it 
had dropped all the way to absolute zero. 
All the same, if the data were plotted to 
the point of liquefaction, they again 
would be found to lie on a straight line 
which could be projected until it cut the 
abscissa. 

This points to a completely new tem- 
perature scale: the absolute scale, also 
known as Kelvin's scale, The zero of this 
scale, obviously, lies at —273.16° C. 


ISOBARS AND ISOCHORS—In Illustration 3a, 
temperatures are plotted as abscissae and 
volumes as ordinates. The data collected de. 
fine a straight line that intersects the abscissa 
at —273.16? C. The straight line is an isobar 
because it is constructed with data obtained 
at constant pressure. 

In Illustration 3b, the temperature is plotted 
as an abscissa, and pressures are plotted as 
ordinates. The data collected from measure- 


ments carried out at constant volume again - 


define a straight line that cuts the abscissa 
at —273.16? C. This straight line is called an 
isochor. 

If a real gas is used in the experiment, the 
gas will liquefy at a certain point, and the 
straight line representing the experimental 
data, therefore, will not reach far enough to. 
intersect the abscissa; however, if this line is 
prolonged, it also will intersect at — 273.16°C 
(Illustration 3c). 
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SULFUR — The naturally 
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octatomic, with a molecular 
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OCIATION OF GASES | 


formation of two or more molecules 
where only one had existed before, neces- 
sarily resulting (in accordance with Avo 
gadro’s law) in greater volume. Concom- 
itant chemical changes will also indicate 
that essential alterations have occurred 
in molecular structure. 

If copper is treated in a laboratory 
with concentrated nitric acid, one of the 
products will be nitrogen dioxide: Cu + 
4HNO; ^ Cu(NO3)2 + 2H2O + 2NO;. 


1,000° C (1832°F), it is composed of two 
atoms; that is, it is diatomic, with a molecular 
weight of 64. In the upper left of the illustra- 
tion the octatomic molecule is shown; with an 


molecules resulting 
from chemical change 


If the reaction occurs at moderate tem 
peratures, however, the gas formed will 
be the colorless dinitrogen tetroxide 
N.0O,. 

An increase in temperature to about 
60°C (140? F) will cause the gas to 
take on a reddish-brown hue, showing 
that it is dissociating into nitrogen diox- 
ide, NO»; at 156°C (about 312? F) the 
dissociation is about complete. Although 
both dinitrogen tetroxide and nitrogen 


increase in temperature, this is dissociated 
into four diatomic molecules. 
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GASEOUS DISSOCIATION—This experiment 
requires an arrangement of tubes as shown in 
the illustration, a specimen of sal ammoniac 
(ammonium chloride), and some litmus paper. 
Litmus is a substance that changes color in 
the presence of various substances; in the 
Presence of an acid, it turns red; in the pres- 
ence of a base it turns blue. In the lahoratory 
it is usually used as a coating on filte; Paper, 
which is therefore called litmus paper. 

The ammonium chloride is placed in the 
large tube C, which has been divided by a 
Porous plug S. In the small tube A on the left 
Side is placed a Strip of litmus Paper already 
turned red by contact with an acid; another 
strip, turned blue by contact with a base, is 
placed in the small tube B, on the right side. 
An inert gas is circulated in tube D, and the 
ammonium chloride is heated. Soon the red 
strip of litmus Paper in tube A turns blue, and 
the blue strip in tube B turns red. 

By heating the ammonium chloride, the salt 
was dissociated into ammonia, a base, and 
hydrochloric acid, obviously an acid (NH,CI -> 
NH; + HCI). Ammonia is lighter than hydro- 
chloric acid. According to Graham's law, the 
diffusion rates of gases are inversely propor- 
tional to the square root of their density; there- 
fore, the lighter ammonia diffuses more rapidly 
through the porous plug, and an excess of the 
base collects there, thus leaving an excess of 
acid on the right side of the large tube. The 
presence of these is indicated by the changes 
in the colors of the litmus paper on each side. 
The experiment illustrates the dissociation of 
the vapors of ammonium chloride into mole- 
cules of ammonia and hydrochloric acid. 

It must not be assumed, however, that com- 
plete dissociation always occurs, This is ex- 
tremely unlikely; the transition is gradual, and 
it Is more correct to refer to a degree of dis- 
sociation at any given temperature and pres- 


sure. As the temperature increases, so does 
dissociation; more and more of the molecules 
are dissociated, and at rather high tempera- 
tures—depending on the particular gas—com- 
plete dissociation may occur. Nor is dissocia- 
tion invariably accompanied by an increase in 
volume; in the dissociation of hydrogen iodide, 
for example, molecules of iodine and hydrogen 
are formed with no increase in volume. If dis- 
sociation occurs in a closed space whose vol- 
ume is kept constant, a corresponding increase 
in pressure will occur; a substantial increase 
in pressure retards the dissociation. On the 
other hand, rarefaction, or a reduction of den- 
sity, fosters dissociation. It may be said that an 
excess of one of the products of the dissocia- 
tion may have the effect of regressing the dis- 
sociation. 

In the case of the ammonium chloride reac- 
tion, for example, two concentrations—that is, 
quantities of a substance within a given vol- 
ume—of the products of dissociation (am- 
monia and hydrochloric acid) may be consid- 
ered: c, and c, The Concentration of the 
nondissociated molecules of ammonium chlo- 
ride may be represented by C, while K repre- 
Sents a constant at a constant temperature, 
The following mathematical expression links 
these magnitudes in this general relation: 
€, X C/C =K. This may be rewritten as either 
€: = KC/c, or c; = KC/c,; that is, an increase 
in either one of the products of dissociation 
must produce (K remaining Constant) an in- 
crease in the undissociated molecules and a 
decrease in the other product of dissociation. 
In other words, the concentration of nondisso- 
ciated molecules increases and the degree of 
dissociation regresses. This equation actually 
exemplifies a particular case of the law of mass 
action, which states that the active masses of 
the substances determine the rate of a chem- 
ical reaction, 
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ume, and the chemical vacteristics 
will have altered. 

Many other substances h as hydro- 
gen iodide, ammonia ( ), phospho- 
rus vapor (P4), and iodine. also undergo 
dissociation at high t ratures. It 
should be noted that t ictions are 
reversible—that is, by co he gas, the 
molecules will recombi: 2» > N30, 
and for this reason, in ynthesis of 
ammonia by the Haber od the con- 
trol of temperature is « jor impor- 
tance; in the reaction N 1,  2NH;, 
only careful control wil t the equi- 


librium to the right, to the desired 
product. 


If sulfur, with its octatomic 


molecule (Ss), is heat o 1,000°C 
(1,832? F), the molecuk come dia- 
tomic (S5); that is, for «x earlier mol- 
ecule with eight atoms thc: will be four 
molecules, each with ty oms. Simi- 
larly, phosphorus with tetratomic 
molecule becomes diatomic (P, 2P2). 


Obviously, it would be impossible to de- 
termine the molecular weight of these 
substances by measuring the density of 
their vapors, for this would vary accord- 
ing to the proportion of molecules of 
each kind found in the volume of gas 
being measured. If a scientist were not 
aware of the phenomenon of dissocia- 
tion, he could easily make errors in de- 
termining density. In the dissociation of 
ammonium chloride (NH,CI) into hy- 
drochloric acid (HCl) and ammonia 
(NH), for example, two molecules are 
produced where there had been only one 
molecule; because double the original 
volume is occupied, and because density 
and, therefore, weight are inversely pro- 
portional to volume, it is clear that half 
the actual molecular weight would be 
obtained. 
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shape anc t the economy. In short, 


to know understand something as 
huge and lex as the economy, a per- 
son has tc dy the many things that 
make it w is. Analogously, there are 
many exp nts confirming the fact 
that matt ade up of particles. So, 
to gain a detailed knowledge of 
just what tutes matter, an investi- 
gation is « for to probe the proper- 
ties that : possesses because of the 
simple fac t it consists of these par- 
ticles. For ple, those properties of 
matter th isible, external, and mac- 
roscopic studied. Of course, the 
quantities tter examined in this way 
must be la ough to be handled and 
subjected to oratory experiments. 
Some of the properties of a large sub- 
stance th e easily measured are its 
color, the with which it conducts 
heat, its hardness, and its specific weight. 
However, tlic study of matter also can be 


undertaken 
manner: sin 


n a completely opposite 

it is known that matter is 
made up of atoms—of minute submicro- 
scopic particles—an experimenter can in- 
vestigate the elementary properties of 
these particles and then imagine how 
they might be bound together, and what 
Properties they might possess when they 
are united. 

It is fairly obvious that these idealized 
mblages of particles, at least in their 
imagined form, must be different from 
the matter which can be readily ob- 
Served in macroscopic quantities. Never- 
theless, the fact that the properties have 
been imagined by means of hypotheses 
Suggested by a model may subsequently 
lead to the discovery of new and inter- 
esting properties of matter through ex- 
Perimentation; or, the process may sim- 
Ply help interpret properties that are 
already known, 

Two different starting points can be 
used to examine, through deduction, the 
Properties of matter. The first method 
Postulates that the simplest types of mat- 
ter to study are the gases. Actually, it is 


as: 


KINETIC 
THEORY OFRG ars 


easier to deduce the properties of gases 
than the properties of liquids or solids, 
at least in theory. The second postulates 
that some simple properties of atoms and 
molecules make it possible to imagine 
the properties that must be possessed 


the confused motion 
of molecules 


by large groupings of these particles. 

In the latter method the attempt is 
made to interpret the macroscopic prop- 
erties of matter on the basis of the be- 
havior of its microscopic and submicro- 
scopic constituents, 


SOLIDS, LIQUIDS, AND GASES—Gases ob- 
tained by the sublimation of solids or evapo- 
ration of liquids have a much smaller density 
than that of the condensed body that gives 
rise to them. If a quantity of water that has 
a density of about 1 is evaporated, vapor is 
obtained; this vapor, which is a substance in 
the gaseous state, has a density about a 
thousand times smaller than the original quan- 
tity of water. In fact, the vapor will condense 
as it strikes a cold surface; If the speed with 
which the vapor strikes the surface Is quite 
high, the vapor will be transformed into a few 
droplets of water. Thus, water and vapor are 
the same substance and consist of the same 
molecules; however, these molecules are sep- 
arated by much greater distances in the vapor 
than they are in either a solid or a liquid. 
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COMPRESSED GASES AND RAREFIED GASES 
—The gas in a cylinder or tire (Illustration 1a) 
is highly compressed. This gas can be thought 
of as an evaporated solid, and it follows that 
its molecules now are more rarefied than they 
are in their solid form. Nevertheless, the mole- 
cules can be brought closer together or spread 
farther apart simply by varying the volume of 
the container enclosing them. 


a 


A rarefied gas can be observed, although 
indirectly, in this vacuum tube (Illustration 2b). 
Actually, the air Inside the tube is at a pressure 
(and therefore at a density) of about a billion 
times less than that of atmospheric air. This 
means that a gas has the property whereby its 
molecules can become separated by really 
great distances; in fact the molecules of a gas 
not enclosed are unlimited in their movements. 


b 
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A GAS MODEL—At this point it is possible to 
sketch a model of a gas made up of something 
similar to molecules. In this instance, the 
model consists of idealized particles (Illustra- 
tion 3a), The molecules of the gas can be imag- 
ined as small spheres (although they may ac- 
tually have a different form), distributed in a 


The results obtained from such analysis 
have been translated into formulas and 
organized into a theory known as the 
kinetic theory of gases, This theory was 
first used to interpret the properties of 
gases; later it was generalized and ap- 


SOME PROPERTIES OF THE MOLECULES— 
The next task is to try to examine the proper- 
ties of the spheres discussed in the explana- 
tion of Illustration 3. As for the container, it is 
easy to think of it as a small box with elastic 
walls into which are thrown some highly elastic 
steel balls (similar to those found in a ball 
bearing). In this case, however, the fact that 
the steel balls are not perfectly elastic would 
ensure their falling to the bottom, where they 
would remain, grouped closely together and 
forming a layer of a certain thickness. 

The molecules of a gas, therefore, must be 
far more elastic than such steel balls. Never- 
theless, the molecules are not ideally elastic 
spheres; after each collision, in fact, they will 
not conserve all the energy they had before. 

Suppose some small bells and clappers are 
enclosed in a box whose walls are perfectly 
hard and elastic. The bells, in continual mo- 
tion, collide with each other and with the walls 
of the box. At each collision they receive ki- 
netic energy that is transformed immediately 


given volume, distant from one another but 
filling the volume in a homogeneous manner, 
The volume will contain much empty space, 
since the spheres are sufficiently small that 
they occupy only an extremely small part of 
the total volume. 

This model of the gas is rather imperfect, 


plied to the study of liquids and solids. 

An ideal gas, as studied in Illustration 
3, does not actually exist, although some 
gases behave in a like manner because 
their molecules have similar properties, 
The properties of an ideal gas can be pre- 


into a movement of the bell as well as a vibra- 
lion. The vibration is radiated into space and 
therefore lost; in the end it will no longer be 
found among the bells in the box (Illustration 
4a), The same thing happens to the molecules. 
First of all, very often they are not perfectly 
Spherical but elongated (like those of air, for 
example), because they consist of two atoms 
that can vibrate about their positions of equi- 
librium according to the impacts they receive 
(Illustration 4b). Furthermore, the molecules 
have the Property of radiating a part of their 
vibration or rotational energy in the form of 
electromagnetic waves, Therefore, as with the 
bells, the energy available in a box filled with 
molecules can be lost into Space, carried away 
by the light waves radiated by the molecules 
themselves (the most common example is in- 
frared radiation). The end result is that after 
a short while the molecules Come to rest on 
the bottom of the box, thus losing the charac- 
teristics of a gas. Under ordinary laboratory 
conditions this does not occur; the molecules 
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and it may be well to Imagine how jt can be. 
improved. Actually, it is difficult to imaging the 
molecules remaining immobile (as illustrated) 
and maintaining their distance from egg 
other; they are subject to the force of gravity 
and, therefore, would fall. It might be Supposed 
that they would behave like inelastic bodies or. 
like bodies made up of a material having the 
same consistency as modeling clay. However, 
such a hypothesis can be rejected nam 


ately; if it were true, the gas would, in a mo- 
ment, reduce itself to a heap of atoms or 
molecules and would once again have the 
properties of a solid. 

The true hypothesis, therefore, is Just the 
Opposite. It assumes that the molecules Y 
elastic and that their movements are charac- 
terized by the property of perfect rebound 
when they collide with each other or with the 
walls of a container. Even if it Is imagined 
that their number is small, it is obvious that 
these molecules will not be able to fall and 
strike the bottom of the container without col- - 
liding with each other. Their movements, there- 
fore, will be quite disorderly. The model of the 
gas thus could be the one shown in Illustration 
3b where the molecules, represented by the 
small spheres in continuous and disorderly 
movement, collide with each other and with 
the walls of the container. 


dicted mathematically as to the mechan- 
ical properties of an assembly of such 
ideal particles. Gases not having these 
properties under ordinary conditions, 
however, will display them under partic- 
ular conditions. 


remain in the box and collide with its walls. 
These walls, heated to environmental tempera- 
ture, keep the molecules in motion by means 
of a special mechanism. This is one of the 
reasons a gas cools if left to itself at a tempere. 
ature higher than that of the environment. 

Lastly, the molecules attract each. other 
(Illustration 4c). The proof of this is found In 
the fact that a solid is capable of resisting ten- 
sion, and that liquids behave as if they. ware 
covered by a membrane formed by molecules) 
this in turn exerts a tension and tends to 6n- 
close the liquid, thereby causing the formation | 
of drops. The molecules do not possess these 
Properties simply because they find them- 
selves within a solid or liquid; they also pos- 
sess the properties when they are spi is 
apart, forming a gas. Quite naturally, in thi 
case the attractive forces make themselves 
felt only when the molecules are particularly 
close together, as when the gas is highly M 
pressed or when two molecules are about 1 
collide. 
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» illustration, a box in the 
ntains molecules of a gas. 
cules moves at its own par- 
t may be supposed that the 
average velocity of all the molecules is u. The 
molecules, in general, will move in some 
Oblique direction with respect to the faces 
ui the cube; however, their displacements can 
@ resolved into three perpendicular com- 
pamanis parallol to those faces. The length: of 
€ side of the cube is represented by /. The 
molecules that move in a predominantly hori- 
zontal direction will cover the whole length 
ARG cube relatively quickly; in one second 
a can cover it u// times. When they reach 
fice end of the cube, they collide with the 
lies Ad are bounced backward. On a single 
Ne the cube this will occur u/2/ times per 
of the | Every lime a molecule strikes the face 
Pul ee this face receives an impulse 
YA " twice the momentum possessed by 
deat prior to the impact. In fact, the 
PINE does not come to a stop; rather, it 
at the les to travel in the opposite direction 
Rattan velocity as before. Since the mo- 
fess or á expressed as the product of the 
pula ‘r e molecule and its velocity, the im- 
mU Gres at each impact amounts to 
" pu sere m is the mass of the molecule. 
lite tees have been placed inside the 
Nonis le total impulse received by one 
13 x 2d a period of one second will be 
for-1/3 nmu X u/2l = 1/3 x nmu?/l (the fac- 
aie al accounts for the fact that the impacts 
distributed in three directions. 


PERFECT GAS 


of any gas at a pressure of one atmo- 
sphere and a temperature of 20°C 
(68° F). A study of the kinetic theory of 
the perfect gas is invaluable. 

Actually, a prime reason for studying 
the kinetic theory of gases (and, more 
generally, that of matter) is that the 
theory provides the only way in which 
the world of the molecules can be under- 
stood. No microscope can show the mole- 
cules of a gas, and no instrument can 
carry out an experiment on a single mol- 
ecule. The only way man can penetrate 
the world of the molecules is by: (1) the- 
orizing how it may be constructed; (2) 
deducing what properties it must pos- 
sess, based on what has been imagined; 
and (3) comparing what has been de- 
duced with the results of experiments 
and observations. If a scientists deduc- 


This expression represents the total change 
of moment impressed on the molecules by one 
face of the cube or the force that the face 
exerts on the molecules; this force, distributed 
over the face of the cube, which has an area 
P, is nothing other than the pressure p of the 
gas. The value of the force is, therefore, 
pl? = 1/8 X nmu?/l. This equation also can be 
written: p = 1/3 x nmu*/P = 1/3 X nmu?/V 
(in fact, the volume of the cube is equal to 
the cube of the length of its side). If m is the 
mass of one molecule, mn represents the mass 
of the whole gas enclosed in the box and this 
can be called M. This results in the formula: 


studying the properties 
of molecules 


tions are confirmed by relevant experi- 
ments and observations, he will know 
that they are correct and that matter is 
really made up as he had theorized, On 
the other hand, if his deductions are not 
confirmed, he will have to change his 
hypotheses in a way that will enable him 
to gain a better, although indirect, under- 
standing of the structure of matter, Little 
by little, as he enters deeper into the 
world of the atom, he will be forced to 
make more and more frequent use of 
this method of research, It is essentially 
a theoretical method because it makes 
use of mathematical and 
models of matter. 

The kinetic theory of gases makes 
ssible to explain many of the cha 
ses and to interpret known 
laws. A study of some important prop- 


mechanical 


ac- 


E — 


p = 1/3 x Mu?/V. 

The entire process shows how the kinetic 
theory makes it possible to calculate the exact 
pressure a gas exerts on the walls of the con- 
tainer it occupies when the following facts are 
known: (1) the size of the container; (2) the 
mass of the gas put into It; and (3) the average 
velocity of the molecules that make up the gas. 

Since this formula can be vorified experi- 
mentally, it is possible to measure the velocity 
of the molecules with the ald of a special 
apparatus, The experiment thus confirms the 
theoretical predictions. 
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molecular weights 


= 


470 471 


THE VELOCITY OF THE MOLECULES—The 
formula deduced in the explanation of the 
Preceding illustration makes it possible to 
evaluate the average velocity of the molecules 
in a gas. Since the formula has been proved 
correct, it can be used to obtain a solution 
for u, thereby expressing the velocity of the 
molecules in terms of the mass of the gas, 
the volume it occupies, and the Pressure it 
exerts on the walls of the container in which 
it is enclosed. Actually, the formula for the 
first illustration can be written: 


u = V3pV/M. 


Here is an example. To calculate the speed 
in the case of hydrogen, the various magni- 
tudes will have to be replaced by their numeri- 
cal values. All the values must be expressed 
in the units of the same system of measure- 
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erties of perfect gases has its own niche 
in this scientific pursuit, 


APPLICATIONS OF THE 
MOLECULAR BEAM TECHNIQUE 


The molecular beam technique almost 
succeeds in isolating the molecules and 
determining their characteristics one by 
one. It has a large number of applica- 
tions in many branches of science and 
technology. For example, this technique 
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have passed through the first slit and n 
enough speed to reach the second disk aA 
its slit. Since the molecular ray contains mo 
cules of many velocities (both less and greal E 
than the average velocity), for each valan 
the velocity of rotation only some of the m 
cules will pass through both slits; the o p 
will be stopped and deviated as they E 
the walls of the disks. It now remains to 5 
seen how many molecules travel at each pal 
ticular velocity. 

A glass SER d makes it possible to cole 
the molecules of silver that have peo 
through the selector. (In this case the S 
cules are monatomic.) The atoms stop m of 
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1,252 1,775 cm/sec 


ment. In this case, then, the formula reads: 
M/V = 0.0000896 g/c'; if the gas is imagined 
at atmospheric pressure, P = about 1,000,000 
dyne/cm?. Therefore, u = 3,000,000/0.0000896 
= about 184,000 cm/sec = 1,840 m/sec. 

In this illustration, arrows of different lengths 
are used to indicate the velocities of the mole- 
cules of various gases: a represents hydrogen, 
b helium, c nitrogen, and d oxygen. With the 
molecular weights shown against each arrow, 
it can be seen that the average velocities are 
inversely proportional to the Square root of 
the mass. It should be kept in mind that the 
velocities shown are for the real molecules 
of these gases; in some cases these molecules 
consist of two atoms (in hydrogen, oxygen, 
and nitrogen, for example). There also are 
gases whose molecules consist of three or 
more atoms. 


1e 


is widely used to study the properties of 
gases that manifest themselves when 
gases collide at high supersonic veloci- 
ties with the outer surfaces of an aircraft; 
it thus becomes possible to observe the 
phenomena that occur in so-called hyper- 
sonic flight. 

The same technique is used for study- 
ing neutrons, for they too can be studied 
according to their different velocities by 
means of an apparatus similar to the mo- 
lecular beam technique. 
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ir collisions. 


The graph at lower right shows the velocity 
distribution of the molecules measured from 
the experiment. All values are possible rang- 
ing from very low velocities, almost zero, to 
exceedingly high velocities. The high velocities 


are rare, but they do exist; in the gas there 
is a nonnegligible percentage of molecules 
with velocities as much as five to ten times 
the average velocity, as the graph shows. 


number of molecules 


velocity of molecules 


ABBREVIATIONS 


footcandle 
foot-pound 


universal gravitational constant 
gram 

gallon 

gram-calorie 

gallons per minute 

gallons per second 


hour 

photon energy 
horsepower 

hertz (cycles per second) 


electric current 
inside diameter 
inch 

square inch 
cubic inch 
inch-pound 
inches per second 


joule 


temperature Kelvin (absolute) 
kilocalorie 

kilogram 

kilogram-calorie 
kilogram-meter 

kilograms per cubic meter 
kilograms per second 
kilometer 

kilovolt 

kilowatt 

kilowatt-hour 


liter; lumen 

latitude 

pound 

pound-foot 

pounds per square foot 
pounds per cubic foot 
pound-inch 
lumen-hour 

linear foot 

logarithm (common) 
logarithm (natural) 
longitude 


meter; minute (time, in astronom- 
ical circles) 


yd 
yd? 
yd 


SCIENTIFIC SYMBOLS AND ABBREVIATIONS 


A ampere 
A Angstrom unit 
abs absolute 
a-c alternating current (as an adjective) 
amu atomic mass unit 
atm atmosphere 
at. wt atomic weight 
AU astronomical unit 
avdp avoirdupois 
Bev one billion electron volts 
bhp brake horsepower 
bhp-hr brake horsepower-hour 
bp boiling point 
Btu British thermal unit 
[e] temperature Celsius; temperature 
Centigrade 
c candle 
cal calorie 
cfm cubic feet per minute 
cfs cubic feet per second 
cgs centimeter-gram-second (system) 
cl centiliter 
cm centimeter 
cm? square centimeter 
cm? cubic centimeter 
coef ^ coefficient 
colog — cologarithm 
cos cosine 
cot cotangent 
cp candlepower 
esc cosecant 
cu cubic 
cuft cubic foot 
db decibel 
d-c direct current (as an adjective) 
doz dozen 
E electromotive force 
e the base of the system of natural 
logarithms 
ev electron volt 
F temperature Fahrenheit 
fp freezing point 
fpm feet per minute 
fps feet per second 
ft foot; feet 
ft? square foot 
fe cubic foot 
a alpha particle 
B: B- beta particle 
Bt positron 
y gamma radiation 
A a small change; heat 
À wavelength; radioactive-decay con- 
stant 
ma milliampere 
pe microcurie 
pe microfarad 
pin. — microinch 
pm micron 
pp micromicron 
ppf — micromicrofarad 
v frequency; neutrino 
T 3.14159; osmotic pressure 


X 
o 
Q 


o 
, 


l 
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the sum of 

nuclear cross section (barns); area 
electrical resistance (ohms) 
angular speed; angular velocity 
minute (angular measure) 
second (angular measure) 

male 

female 

is greater than 

is less than 

is proportional to 

infinity 

square root of 


degrees; temperature; angle measure- 
ment (example, 30°) 


in 
F 


square meter 

cubic meter 

milliampere 

one million electron volts 
milligram 

millihenry 

mile 

square mile 

minute 

meter-kilogram 

milliliter 

millimeter 

square millimeter 

cubic millimeter 
millimicron 

miles per hour 

miles per hour per second 
millivolt 


Avogadro’s constant 
factorial n 


outside diameter 
ounce 


rating on acid-alkaline scale 
parts per million 

pounds per square inch 

pounds per square inch absolute 


temperature Reaumur; resistance 
right ascension 

revolutions per minute 
revolutions per second 


secant; second 
sine 

specific gravity 
square 


tangent 


volt 
volt-ampere 


watt; work 


yard 
square yard 
cubic yard 


molar concentration 

positive electric charge; mixed with; 
plus 

negative electric charge; single cova- 
lent bond; minus 


equals; double covalent bond; pro- 
duces 


does not equal 

triple covalent bond 

produces; forms; chemical reaction 
reversible chemical reaction 

gas produced by a chemical reaction 


precipitate produced by a chemical 
reaction 

radioactive substance (follows sym- 
bol of element; example, Cl°) 


IDE 
ILEUSTROCPED'SCIEINGIB 
DICTIONARY 


Nicotinic Acid to Partial Pressure 


KEY TO PRONUNCIATION 


The diacritical marks are: 


ə banana, abut e bet th thin 
ə preceding l, m, n é beat th then 

as in battle i tip ü rule, fool 
9 electric i bite ù pull, wood 
er further j job, gem ue German 
a mat y sing hübsch 
à day 6 bone ue French rue 
ü cot, father ò saw, all yü union 
aù now, out òi coin zh vision 


! mark preceding the syllable with strongest stress. 
, mark preceding a syllable with secondary stress. 


The system of indicating pronunciation in these volumes is used by permission 
from Websters Third New International Dictionary, copyright 1961 
by G. & C. Merriam Co., Publishers of the Merriam-Webster Dictionaries. 


nicotinic acid 


nicotinic acid \,nik-9-'té-nik 'as-ad\ 
BIOLOGY and MEDICINE. An organic acid that is part of the vita- 
min B complex. It occurs in meat, fish, milk, grains and yeast 
and can be made synthetically by the partial oxidation of nico- 
tine; sometimes called niacin. 


Adequate nicotinic acm in the diet prevents pellagra. 


GOLDEN EAGLE 
nictitating membrane \'nik-tə-,tāt-iņ 'mem-,bran\ 
zoo.ocy. A thin, movable membrane, or third eyelid, hinged at NICTITATING MEMBRANE 
the inner side, or beneath the lower lid, of the eye of reptiles, 
birds and certain mammals, It is usually semiopaque. 


A remnant of the NICTITATING MEMBRANE is present in the inner 
corner of the human eye. 


nimbostratus \,nim-(,)bd-'strat-as\ adj. 
EARTH SCIENCE. Referring to a dark-gray, layered cloud that 
usually occurs at altitudes of less than 6,500 feet and that fre- ime 
quently produces rain or snow. 


The bottom of a nimposrnatus cloud may be irregular because 
rain falling from it evaporates before reaching the earth. 


nimbus Vnim-bosV adj. 
EARTH SCIENCE, Referring to any of the clouds that produce, or 
are likely to produce, precipitation. 


NIMBUS clouds evolve from other clouds. 


nitrate \'ni-,trat\ n. 
CHEMISTRY. Any compound that contains the nitrate group 


NO; also, a salt or ester prepared from nitric acid and soluble NITRIC ACID 
in water. (PREPARED IN LABORATORY) 
Potassium NrrnwrE is widely used as a fertilizer. ae Aana oatu nitrata 


nitration \ni-'tra-shan\ n. Nitric acid 
CHEMISTRY. Any chemical reaction that causes the nitro 
(NO.~) group to become attached to a carbon atom in an 
organic molecule; usually, a replacement reaction in which one 
or more nitro groups replace one or more hydrogen atoms in a 
molecule, usually by reaction with nitric acid. 


NiTRATION of benzene produces nitrobenzene that can be con- 
verted to aniline, the starting point for the chemical synthesis 
of many dyes. 


nitric acid Vni-trik 'as-ad\ NANOS ESO, NRS 
CHEMISTRY. A very strong acid and a powerful oxidizing agent; 
a water solution of hydrogen nitrate, HNO;, that often has a 
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K-SHELL 
L-SHELL 


NITROGEN 
(ATOM) 


NITROGEN CYCLE 


Nitrogen returned 
to air from soil 


Nitrogenous waste 
from animals in soil 


Bacterial 
Y action 


nitrogen fixation 


yellow-brown color due to the formation of nitrogen tetroxide 
by decomposition. 


NITRIC ACID is used in making chemicals, dyes, explosives and 
fertilizers. 


nitrification \,ni-tra-fa-'ka-shon\ n. 


BIOLOGY, CHEMISTRY and EARTH SCIENCE. A process in the nitro- 
gen cycle that results in the conversion of ammonia to nitrates 
and of nitrites to nitrates. 


NITRIFICATION results mainly from the action of nitrifying bac- 
teria. 


nitrogen Vni-tro-jonV n. 


BIOLOGY and CHEMISTRY. A gaseous element that makes up about 
78 percent of the earth’s atmosphere. It is colorless, odorless 
and tasteless and does not react at ordinary temperatures and 
pressures. It is found in many reactive compounds, such as 
nitric acid, HNO , and ammonia, NH;. Symbol, N; atomic num- 
ber, 7; atomic weight, 14.0067. 


NITROGEN occurs in protein compounds that are found in all 
living organisms. 


nitrogen cycle Vni-tro-jon 'si-kolV 


BIOLOGY, CHEMISTRY and EARTH SCIENCE. A continuous series of 
events: Atmospheric nitrogen is changed into nitrogen com- 
pounds by bacteria and, to some extent, by lightning. These 
compounds are used in the production of amino acids by plants 
and in the synthesis of proteins by plants and animals, Upon 
the death of a plant or animal, the protein is converted to amino 
acids and ammonia by decay processes. The ammonia is then 
oxidized to nitrates and nitrites by nitrification, and the nitrates 
become available to plants again, or, along with the nitrites, 
are reduced to gaseous nitrogen and released into the atmos- 


phere to complete the cycle. 


The rmocEN cycte, like the carbon cycle, requires radiant 
energy from the sun in order to provide all organisms continu- 


ously with usable matter. 


nitrogen fixation \'ni-tra-jan fik-'si-shon\ 


BIOLOGY, CHEMISTRY and EARTH SCIENCE. Any one of several 
chemical processes by which nitrogen from the atmosphere is 
combined with another element, or elements, to form a com- 


pound that will dissolve in water. 


NITROGEN FIXATION is used industrially to form ammonia. 
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nitrogen-fixing bacteria 


nitrogen-fixing bacteria Vni-tro-jon ‘fik-siy bak-'tir-é-o\ 
BIOLOGY, CHEMISTRY and EARTH SCIENCE. Bacteria living in soil 
or in nodules on the roots of plants, such as peas, beans or al- 


falfa, that utilize free atmosphere nitrogen in the synthesis of NITROGEN-FIXING 
amino acids and proteins that, in turn, may be used by green BACTERIA 
plants. 


NITROGEN-FIXING BACTERIA are the only organisms that utilize 
atmospheric nitrogen naturally. 


nitrogenous Vni-'trij-o-nos| adj. 
BIOLOGY and cHeMISTRY, Referring to a chemical compound that 
contains nitrogen. NITROCOCCUS RHIZOBIUM 


There are NrrrocENovs proteins in all plant and animal sub- 
stances, 


nitroglycerin Vni-tro-'glis-(o-)ronV n. 
CHEMISTRY, A colorless, oily liquid that is extremely unstable 
and explodes violently when subjected to shock or high tem- M 
perature; a compound of carbon, hydrogen, oxygen and nitro- (ATOM) 
gen. 


Dynamite is made by soaking wood pulp in Nrrnocyucenn, 
along with other substances, and then pressing the pulp into NOBLE GASES 
sticks, 


(used in laboratory) 


noble gases \'nd-bal 'gas-əz\ 
Chemistny. The gaseous elements helium, neon, argon, krypton, 
xenon and radon that are chemically nonreactive except under 
unusual conditions of temperature, pressure and excitation. 
Also called rare gases, although all occur in the atmosphere, 
they make up one group of the periodic table; see periodic 
table, p. 620. 


The Nowe casts, especially helium and argon, are used in some 
industrial or laboratory processes in which the heating of a 
given substance requires a nonreactive atmosphere. 


ARGON 
(ATOM) 


nocturnal \nik-'tarn-"l\ adj. 
nioLocv. Descriptive of an organism that is active, or of a func- 
tion of an organism carried out, during the night, as contrasted 
with diurnal. 


NOCTURNAL animals often have eyes with large pupils. 


node \'ndd\ n. 
l. ANATOMY, MEDICINE and zooLocv. A small lump or swelling, 
either normal or caused by infection. 2. porANv, A joint between 
two segments, or internodes, in the stem of a plant; also, the 
portion of a stem to which the leaf is attached. 3, PHYSICS. In a 


NODULE 


PORCELAIN 


INSULATOR 
i RUBBER OR PLASTIC 


INSULATOR 


SEDIMENTARY 
ROCK 


NONCONFORMITY —» 


IGNEOUS ROCK 


NONCONFORMITY 


nonmetals 


vibrating object (as a string), a point, line or other part that 
has very little, or no, vibratory motion. 4. ASTRONOMY. Either 
of two points where the orbit of a celestial body appears to in- 
tersect another orbit or plane, such as the ecliptic. 


A lymph nove may swell if it becomes infected in the process 
of filtering lymphatic fluid. 


nodule \'niij-(,)ii(a)I\ n. 

1. EARTH SCIENCE. A small lump or mass, found in a variety 
of sedimentary rocks, that differs in makeup from the main rock 
and apparently was formed after the rock was deposited; a 
small concretion. 2, norany, Any small, knoblike growth on the 
stem or other parts of a plant, such as growths on the roots of 
legumes caused by nitrogen-fixing bacteria. 

Flint commonly occurs as a Novure in chalk, limestone and 
dolomite. 


nonagon Vnó-no- günV n. 
MATHEMATICS. A polygon having nine sides. 


Each central angle of a regular NONAGON is equal to 40 degrees, 


nonconductor \,niin-kon-'dok-tor\ n. 
puysics. A substance that does not readily transmit such ener- 
gies as heat, electricity or sound; also called insulator. 


Rubber, a NONCONDUCTOR, is used as electric insulation. 


nonconformity V niin-kon-'for-mot-8\ n. 
EARTH SCIENCE, A surface, usually irregular, between a younger 
sedimentary rock layer and an older mass of igneous or meta- 
morphic rocks; see unconformity. 
A NONCONFORMITY represents a period of time during which 
erosion took place or no sediments were deposited, 


nondisjunction \\niin-dis-'jan(k)-shan\ n. 
wioLocy. The failure of two chromosomes to separate during 


the reduction division of cells. 


NoNDISJUNCTION influences the characteristics which will be 


inherited by an organism. 


nonmetals \())niin-'metIz\ n. 
cuenastry. Chemical elements that are not good conductors of 
electricity and heat. Nonmetals tend to gain electrons in chemi- 


cal reactions and thereby form negative ions. They are re- 
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norm 


garded as acid-forming elements, as contrasted with base-form- 
ing elements (metals). 


Oxygen (a gas), carbon (a solid) and bromine (a liquid) are all 
NONMETALS. 


norm Vnó(o)rmV n. 
MATHEMATICS, An arithmetical average, or mean; also, in cal- 
culus, the length of the longest segment into which an interval 


is divided, or partitioned. NORMAL DISTRIBUTION 


The Norm of the scores of high-school freshmen on a vocabu- 
lary test is above the norm for a similar eighth-grade group. 


normal Vnór-molV 

1, MATHEMATICS (N.). The line perpendicular to the line tan- 
gent to a curve or to the plane tangent to a curved surface at a 
given point. 2. cuemisrry (N.). A compound composed of 
molecules that contain a continuous chain of carbon atoms and 
that has its functional group attached to one end of the carbon 
chain rather than somewhere in the middle. (Adj.). Also, re- 
ferring to the concentration of certain solutions: see normal 
solution, 


NORMAL DISTRIBUTION 
55 70 85 100 ns 130 145 


INTELLIGENCE QUOTIENT 


If m is the slope of the tangent to a curve at a given point, 
then the slope of the Norma. to the curve is —1 Im. 


normal distribution Vnór-mel ,dis-tra-'byii-shan\ 
MATHEMATICS. A statistical distribution or function that, when 
represented graphically, appears as a symmetrical, bell-shaped 
curve, 


A graph representing a random sampling of children’s heights 
throughout the United States would graphically approximate 
4 NORMAL DISTRIBUTION curve, 


normal fault Vnór-mol 'folt\ 
EARTH SCIENCE, A fracture in rock layers in which the hanging 
wall has apparently slipped down in relation to the footwall; 
also called gravity fault. 


NORMAL FAULT 


A NORMAL FAULT results from tension on, or lengthening of, a 
segment of the earth’s crust. 


normal salt \'nor-mal 'sóltV 
CHEMISTRY. A salt formed when all the hydrogen atoms of an 
acid molecule have been replaced by other positive ions. 


Trisodium phosphate, Na,PO,, is a Normat SALT. 
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normal solution Vnór-mol sa-'li-shon\ 
cuemustry. For an acid, a solution that contains 1 mole, or 1 
gram, of replaceable hydrogen atoms in 1,000 milliliters of 
solution; for a base, a solution that contains 1 mole, or 17 grams, 
of replaceable hydroxyl (OH) groups in 1,000 milliliters of 
solution; see mole. 


NORTHERN HEMISPHERE 


North pole 


Ten milliliters of a NORMAL SOLUTION of acid will exactly neu- 
tralize 10 milliliters of a normal solution of base. 


Northern Hemisphere Vnór-tho(r)n ‘hem-a-,sfi(a)r\ 
EARTH SCIENCE, The half of the earth that is north of the equator. 


Equator More of the earth’s land area is located in the NORTHERN HEMI- 
spuere than in the Southern Hemisphere. 


northern lights \'nór-thə(r)n ‘Tits\ 
ASTRONOMY. A popular name for the aurora borealis. See aurora 
borealis. 


GEO 

pains NN north magnetic pole Vnó(o)rth mag-'net-ik 'polV 

EARTH scieNcE. The place on the earth’s surface toward which 
the north-secking pole of a compass points. It is located near 
72 degrees north latitude and 96 degrees west longitude. 


At the NORTH MAGNETIC POLE, d dipping needle will point 
straight up and down. 


North Pole Vnó(o)rth 'pol 
EARTH SCIENCE. The most northern point on the earth's surface. 
It is one of two points through which the imaginary line form- 
NORTH MAGNETIC POLE ing the earth's axis passes. It is also called the geographical 
north pole to distinguish it from the north magnetic pole. 


There is no longitude designation for the NORTH pore because 
all meridians pass through it. 


north-seeking pole Vnó(9)rth 'sék-in 'pol\ 
puysics, The end of a magnetized bar, such as a compass needle, 
that points north; often designated as N-pole. 


The NORTH-SEEKING POLE of any freely-suspended bar magnet 
will point toward the north magnetic pole. 


North Star Vnó(9)rth 'stárV 
NORTH STAR ASTRONOMY. A fairly-bright star located almost directly above 


the North Pole; Polaris. 


At the equator, the NORTH sran is seen on the horizon. 
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nose cone 


nose cone Vnoz 'konV 
ASTRONAUTICS. The leading end of a rocket, built to withstand 
the high temperatures caused by friction in the atmosphere. 


A NOSE cone is usually made of ablative materials. 


NOSE CONE 


nostrils \'näs-trəlz\ n. 
ANATOMY and zootocy. The external openings of the nose; also 
called nares. 
The nostrus of a seal are closed by a valvelike flap when it is 
under water. 


notochord Vnot-o-,kó(o)rdV n. 
zoo.ocy. An internal, elastic rod of cells that forms the support- 
ing axis of the body of a chordate (an animal with a backbone 
type of skeleton) at some time during its life. 


In vertebrates, the Notocuorn appears only in the embryo and 
is later replaced by a vertebral column. 


nova \'nd-va\ n. 
astronomy. A faint star that rapidly becomes much brighter, 
sometimes 10,000 times more intense, and then grows dim again 
or fades to invisibility over a period of months or years; see 
supernova. 


According to present theories of stellar evolution, a Nova is a 
star that will eventually become a white dwarf. 


N-shell \'en-,shel\ n. 
CHEMISTRY and PHysics. One of the’ seven principal energy 
levels, identified by the letters K, L, M, N, O, P and Q, that DOING 
electrons may occupy in an atom; the fourth principal energy 
level that electrons may occupy in the Bohr model for the atom. 


NOTOCHORD 


An electron in the N-sHELL may absorb energy and jump to the 
O-shell, or lose energy and drop to the M-shell if space is avail- 
able. 


nth Venth adj. 
MATHEMATICS, Pertaining to any number or quantity denoted ATOM 
by n; also, the ordinal number associated with n. 


If the NTH power of 2 is 16, then n is equal to 4 because 2! — 16. 


o 


nuclear chemistry \'n(y)ü-klē-ər 'kem-ə-strē\ 
CHEMISTRY. The study of chemical reactions involving combi- 
nation of atomic nuclei and transmutation of isotopes; also, the 
chemical procedures used in separating uranium, fission prod- 
ucts and other radioactive substances from various materials. N-SHELL 


NUCLEAR CHEMISTRY has made it possible to obtain useful radio- 
active elements from the fission products of uranium. 


NUCLEUS 
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nuclear physics 


nuclear energy \'n(y)ii-klé-ar ‘en-ar-jé\ 
PHYSICS. The energy produced by reactions involving combina- 
tion of split (fission) or in which two atomic nuclei join to 
make one nucleus (fusion). Such energy may be in the form of 
heat, light or other radiation and is distinguished from chemi- 
cal energy, which is not produced as a result of reacting nuclei. 


The energy received by the earth from the sun is NUCLEAR EN- 
ERGY. 


nuclear equation Vn(y)ü-kle-or i-kwa-zhonV 

CHEMISTRY and prysics. A symbolic expression, or equation, that 
describes the kind and number of atomic nuclei before and after 
a nuclear reaction. It also shows the kind and number of sub- 
atomic particles or kind of radiation absorbed or emitted by 
the reaction. 

The neutron was discovered by the reaction between an alpha 
particle (helium nucleus) and a beryllium nucleus that produces 
a carbon nucleus and a free neutron and is expressed by the 
following NUCLEAR EQUATION: He! + ,Be'-4C!* + on’. 


nuclear fission Vn(y)ü-kle-or 'fish-ən\ 
prysics. The division of an atomic nucleus into parts of approxi- 
mately-equal mass. This division may be produced naturally, 
by spontaneous fission, or artificially, as a result of bombard- 
ment with neutrons. 
Energy released by an atomic bomb is produced by the NUCLEAR 
FISSION of heavy atoms, such as those of uranium or plutonium. 


nuclear fusion \'n(y)ii-klé-or 'fyü-zhən\ 
paysics. A nuclear reaction in which light atomic nuclei unite 


to form heavier nuclei, releasing large amounts of energy. 
The energy produced by the sun is the result of NUCLEAR FUSION 
in which hydrogen is converted to helium. 


nuclear membrane Vn(y)ü-kle-or ‘mem-,bran\ 


sioLocy. A living double membrane composed of proteins and 


fatty substances. It encloses the nucleus of a cell and appar- 
ently controls the traffic of materials between nucleus and 


cytoplasm. 
During mitosis, the NUCLEAR Membrane breaks down, enabling 
les of the dividing cell. 


chromosome pairs to move to opposite po 


ü-kle-or 'fiz-iks\ 
f atomic nuclei, subatomic particles, nu- 
duced by the reactions; see 


nuclear physics Vn(y) 
rnysics. The study 0 
clear reactions and the energy pro 
nuclear chemistry. 
One goal of NUCLEAR PHYSICS is to develop a model that can be 
used to explain all nuclear reactions. 
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nuclear reactor 


nuclear reactor Vn(y)ü-klé-or rē-'ak-tər\ 
virus. A device, used as a source of power, in which nuclear 
fission is sustained and controlled; also called atomic pile and 
atomic furnace, 


The NUCLEAR REACTOR may eventually become a common source 
of electric power. 


nuclear rocket \'n(y)ii-klé-or ‘rik-ot\ 
ASTRONAUTICS. A reaction-type power plant that uses an atomic 
reactor to heat a gas to temperatures, It then expels the 
gas through a nozzle; also, theoretically, a reaction-type engine 
that uses the particles and energy released by atomic fission or 
fusion to provide thrust, 


A NUCLEAR nockrr is more economical in its use of fuel than a 
chemical rocket, 


nucleic acid \n(y)ú-'klē-ik 'as-odV 
motocy and ciessmiy, A complex compound, weakly acidic, 


Deoxyribonucleic acid is a wocuric aci found in the nuclei of 
all living cells, and it may be the chemical transmitter of heredi- 
tary characteristics, 


nucleolus \n(y)ü-'klē-ə-ləs\ n. 


A nucleus usually contains one Nvcurous, although, in certain 
cell types, there may be two or more. 


nucleonies V,n(y)ü-kle-"in-iks| n. 
rivus. The study and science of nucleons or the behavior of 
the atomic nucleus, as in radioactivity, fission and fusion. 


Geiger counters or scintillation counters are used in many re- 
search projects in NOCLEONICK. 


nucleons Vn(v)ü-klé- Ag n. 
mansay and ryss. The nd 
tha xudinus of coy oH Protons and neutrons that make up 


The total number of octrows in an atom is the atomic mass 
for that particular atom. 


NUCLEAR REACTOR 
PUMP (PROPELLANT) 


PROVIDES THRUST Wea 


NUCLEAR ROCKET 


number scale 


nucleoplasm \'n(y)ii-klé-0-,plaz-om\ n. 
movoey, The or living matter, that makes up the 
nucleus of a cell; see protoplasm and cytoplasm. 
The NvcixortAsM is a gel-like substance in which chromosomes 
and nucleoli are 


nucleus Vn(y)ü-klé-o5V n. 
1. morocy. A dense, rounded body in the cytoplasm of most 
plant and animal cells, consisting of chromosomes and one or 
more nucleoli suspended in protein gel and surrounded by a 
membrane. It controls metabolism, growth and division of the 
cell, 2. canesustay and rivis. The core of 
an atom, composed of and neutrons, The makes 
Paper on the atom but takes up only a small part 
its volume. 3. AsrnoNoMY. A dense, bright core, as of a comet 
or galaxy. 
Striated muscle cells contain more than one NUCIUUS, while 
short-lived red blood corpuscles in human beings contain no 


nuclide \'n(y)ii-klid\ n. 
amaeriy and rivucs. A specific kind of atom whose nucleus 
is composed of a certain combination of protons and neutrom. 
The xuc carbon 14 ts one of the dozen or so naturally» 
occurring radioactive nuclides. 


null set Vnol 'set\ 
saree An empty st, or a et hat contin v cement 


commonly denoted by symbol $. 


The solution of the set of equations x— y = Sand 2x =ty=5 
is the SULA. SET. 


concept of mimber may be extended to represent a part. 8 Pt 
Con. 1| an object or of a set ol objecta, a point om a line or the 


m 


numeral 


system, determined by a straight line and two points on that 
line. One point, called zero, is the origin, and aaother point, 
called one, is usually placed to the right of zero, determining 
the unit of the scale. From these two points, every point of the 
whole line may be determined in such a way that correspond- 
ing to each point on the line there is a real number, called its 
coordinate, and corresponding to each real number there is a 
point on the line, 


Understanding the use of a NUMBER scALE is basic to all types 


f 18.6 YEARS 
of graphical representation. I i 
numeral \'n(y)iim-(9-)ral\ n. y 
MATHEMATICS. The symbol used to represent a number, as an North Celestial “>A, 
Arabic numeral or a Roman numeral. Pole ——- 


The Arabic NuMERAL 32 can also be represented by the Roman 
numeral XXXII. 


South Celestial 


numerator \'n(y)ii-ma-rat-ar\ n. dpa 


MATHEMATICS. That term of a fractional numeral, or symbol 
representing a fraction, written above the dividing bar, or line. 


NUTATION 


In the fraction 34, the NuMERATOR is 3. 


nutation \n(y)ii-'ta-shan\ n. 
ASTRONOMY. A slight but regular change in the direction of the 
carth's axis, caused by the varying gravitational attraction of 
the sun and moon upon the earth; the nodding of the earth’s axis 
as the axis slowly precesses. 2. BOTANY. Spiraling movement in 
the growth of certain plant parts, particularly stem tips and 
tendrils, due to unequal growth rates of cells. 


The NUTATION, or wavy motion in the precessional motion of 
the earth’s axis, has a period of 18.6 years. 


nutrient Vn(y)ü-tre-ontV n. 
BIOLOGY and PHYSIOLOGY, Any substance needed for the life 
and growth of an organism; a food. GRASSHOPPER 


Protein is a Nutrient used by the human body to build and 
repair tissues. 


nymph \'nim(p)f\ n. 
zoo.ocy. An immature stage in the life Cycle of an insect un- 
dergoing gradual metamorphosis. 


A grasshopper NYMPH resembles an adult in appearance and 
behavior. 
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LENS 


EYEPIECE 


OBLATENESS 
DUE TO EARTH'S ROTATION 


OBSERVATORY 


oasis Vo-'à-sosV n. 
EARTH science, A fertile area in a desert, characterized by a 
water supply, such as a natural spring, and usually by the 
presence of trees and other vegetation. 


It is sometimes possible to create an oasis in the desert by 
means of irrigation. 


objective lens \ab-'jek-tiv ‘lenz\ 
prysics. In a microscope or telescope, the lens, or combination 
of lenses, closest to the object being viewed. 


In a compound microscope, the OBJECTIVE LENS may be used to 
produce different magnifications. 


oblateness Vib-"làt-nosV n. 
astronomy. A flattening or depression of a spheroid at the 
poles. 
The earth's opLaTENess is shown by the difference in its polar 
and equatorial diameters. 


oblique angle \6-'blek ‘an-gal\ 
MATHEMATICS, Any angle that is not a right angle or a straight 
angle, as an acute, obtuse or reflex angle. 


If one of the angles of a parallelogram is an OBLIQUE ANGLE, 
then all its angles are oblique. 


observatory Vob-"zor-vo-,tór-&V n. 

1. astronomy. A building containing a telescope and other 
equipment necessary in the study of astronomical objects and 
phenomena. 2. EARTH SCIENCE. A building equipped for observ- 
ing and recording meteorological, magnetic or seismological 
phenomena. 

The largest optical telescope in the world is located in an oB- 
senvarory on Mount Palomar in California, 


obtuse angle Vib-'t(y)üs ‘an-gal\ 
MATHEMATICS. An angle greater than a right angle and less 
than a straight angle. 


A plane triangle can have only one OBTUSE ANGLE. 
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occluded front 


occluded front Vo-'klüd-ad 'frontV 
EARTH SCIENCE, The weather condition in which a cold front 
overtakes a warm front, and the edge of one front moves up 
over the edge of the other. 


Rain or snow almost always accompanies an OCCLUDED FRONT. 


occultation \,ak-(,)al-'t-shon\ n. 
AsTRONOMY. The stoppage of light from one celestial body by 
an intervening body, as in the case of the moon passing in 
front of a star or planet, or a planet passing in front of a star 
or another planet; especially, an eclipse of a planet or a star 
by the moon. 


The sudden disappearance and later reappearance of a star 
during occuuration is evidence that the moon's atmosphere 
is very thin. 


ocean Vo-shonV n. 
EARTH SCIENCE. The large, continuous body of salt water that 
covers almost three fourths of the earth's surface; also, one of 
the five regions into which this ocean is divided: Atlantic, 
Pacific, Indian, Arctic and Antarctic. 


The ocean contains about 314 percent salt by weight, most of 
which is sodium chloride, or common table salt. 


oceanography \,6-sho-'naig-ra-fé\ n. 
EARTH SCIENCE. The study of the shape, content, behavior and 
effects of the ocean. 


Research in ocEANocRAPHY has increased rapidly in the last 
few years, 


octagon Vàk-to-,gànV n. 
MATHEMATICS, À polygon having eight sides. 


A regular ocracow is not often seen in nature. 


octahedron Vk-to-'he-dronV n. 
MATHEMATICS. A polyhedron having eight faces, 


In its natural state, a diamond crystal frequently has the shape 
of an OCTAHEDRON. 


octane \'ak-,tan\ n. 
CHEMISTRY. CgHys, A colorless, flammable liquid that is one of 
the natural components of petroleum. 


OCTANE is one of several components in the hydrocarbon mix- 
ture called gasoline. 
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odd parity 


octane rating scale \'ak-,tan 'rāt-iņ 'skalV 

CHEMISTRY. A standard scale for rating the antiknock value of 
gasolines. On the scale, isooctane is rated 100 and normal hep- 
tane is rated 0. A given gasoline receives a number that cor- 
responds to the percentage of isooctane mixed with normal 
heptane that will equal it in antiknock value. Thus, 90-octane 
gasoline is equal to a mixture that is 90 percent isooctane and 
10 percent normal heptane. 


The addition of small amounts of lead tetraethyl to a gasoline 
can raise the gasoline’s value on the OCTANE RATING SCALE. 


octant Vák-tontV n. 
1. AsrRoNOMY. The position of a celestial body when it is half- 
way between opposition or conjunction and quadrature; also, 
a device used to measure the altitudes of celestial bodies. 
2. MATHEMATICS. An arc equal to 1% circle; also, one of the 
8 partitions of a 3-dimensional space formed by the 3 perpen- 
OCTANT dicular coordinate planes determined by the x-axis, the y-axis 
and the z-axis. 


At its ocraNT, the moon is either crescent or gibbous. 


octave Vák-tivV n. 
puysics. An interval in the electromagnetic spectrum, compa- 
rable to a musical octave in which the frequencies at the begin- 
ning of the interval and at the end are in the ratio of 1:2; also, 
a similar relationship between two frequencies of sound. 


The visible portion of the electromagnetic spectrum constitutes 
approximately one OCTAVE. 


OBJECTIVE LENS 


ocular \'äk-yə-lər\ 
1. ANATOMY and zooLocv (Adj.). Referring to the eye or to its 
parts and functions. 2. (N.). The eyepiece of a telescope, mi- 
croscope or other optical instrument. 


OCULAR 
\ 


TELESCOPE 
ocuLaR muscles make rapid movements of the eye possible. 


odd parity Vád 'par-at-& 
ENGINEERING and MATHEMATICS. À method of representing and 
interpreting computer data, where each valid character contains 


an odd number of binary digits in the “on” condition; see even 


parity. 
When computer data is stored in opp parity on magnetic tape, 
he tape serves as a check to determine 


one of the channels on t 
whether or not conditions of odd parity have been met on the 


other six channels. 
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oersted 


oersted Vor-stodN n. 

PHYSICS. The centimeter-gram-second electromagnetic unit of 
magnetic intensity equal to the intensity of a magnetic field in 
à vacuum in which a unit magnetic pole experiences a mechani- 
cal force of one dyne in the direction of the field; formerly 
called gauss. 

The oersten is named for Hans Christian Oersted, the Danish 
scientist who established the relationship between electricity 
and magnetism. 


OFFSH 


offshore bar Vof-'sho(o)r 'bar\ 
EARTH SCIENCE. A sand bar some distance from the shore and 
parallel to it; sometimes called a barrier beach. 


ORE BAR 


Water between an orrsmonr san and a coastline is called a 


lagoon. 

ohm Vom n. 
PHYSICS. A unit of measurement of resistance to a flow of elec- Uning of 
tricity; specifically, the electrical resistance of 14.4521 grams nose 
of mercury at 0° C. in a tube 106.3 cm. long. Hair 


When a potential difference of one volt is applied across a 


resistance of one on, one ampere of current flows. OLFACTORY 


(CELLS) 


oil \'dil\ n. Nerve 
CHEMISTRY, Any one of several greasy or fatty liquids that is dest 
composed principally of hydrogen and carbon compounds, 
does not mix with water and may be obtained from petroleum 
or vegetable seeds. Oils are chemically similar to fats and waxes 
but have a lower melting point. 


The corn or peanut ox. used for cooking is obtained by press- 
ing corn or peanut seeds. 


OMMATIDIUM 


Corneal lens 


olfactory Vil-fak-t(o-)reV adj. 
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PHYSIOLOGY. Referring to the organs of smell or to the sense of 
smell. 


In man, the otracrory nerve endings are located in the mem- 
branes of the nasal passage. 


ommatidium \,iim-9-'tid-é-am\ n. 


zootocy. One of the complete visual elements of the compound 
eye of an arthropod, containing an external corneal lens, pig- 
ment cells adjusting light intensity and receptor cells controlling 
nerve impulses. 


Each ommativium in the compound eye of the locust responds 
to the light in its visual field, 


Pigment cells D 
Receptor cells p > j X 


d: 


COMPOUND EYE 


operant 


omnivorous \äm-'niv-(ə-)rəs\ adj. 
zooLocy. Descriptive of an animal that habitually eats both 
plant and animal foods. 


The bear is an omnivorous animal. 


ontogeny \än-'täj-ə-nē\ n. 
»roLocy. All the phases in the development of an individual 
organism; see phylogeny. 
The oxrocENY of human embryos appears to recreate the evo- 
lutionary history of the animal kingdom. 


oogenesis V,0-o-'jen-a-sasV n. 
BIoLocy. The process of egg formation, including the pro- 
duction of an ovum from special body cells by meiosis and 
EM m mitosis and the preparation of the ovum for fertilization and 
OMNIVOROUS development. Oogenesis is comparable with spermatogenesis 
in males. 


During the oocenesis of chicken eggs, considerable yolk is 
stored in the cytoplasm. 


opaque \6-'pak\ adj. 
Referring to the property of a substance that does not transmit 
light; also, referring to a substance that is impervious to other 
forms of radiation besides visible light. 


Limestone, wood and iron are OPAQUE substances. 


opalescence \,6-pa-'les-*n(t)s\ n. 
EARTH SCIENCE. The property of certain translucent minerals or 
gems that reflect an iridescent light or that have a milky iri- 


WATER MERCURY descence. 
The OPALESCENCE of some minerals makes them highly prized 
as gems. 


open circuit Vo-pon 'sar-kat\ 
prysics. A loop, or path, made of a good electrical conductor 
that would carry an electric current except for a break or gap 


OA QUE in the conductor. 
An oven cincurr is the result when a light switch is turned to 


“off” 


operant \'äp-ə-rənt\ adj. 
Referring to something 
referring to something tha 
measure. 


that is functioning effectively; also, 
t it is possible to observe and to 
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operational definition 


Newton's laws of motion concerning gravity and inertia are 
operant throughout the solar system. 


operational definition \,ap-9-'ra-shnol ,def-o-'nish-onV 
CHEMISTRY and PHysics. A description of a substance based on 
the observed properties and behavior of the substance. 


Unlike the conceptual definition of a substance, an opera- 
TIONAL DEFINITION is not concerned with the substance’s com- 
position and structure. 


operculum Vo-'por-kyo-lemN n. 
1. zoorocv. On bony fishes, the hinged plate on either side of 
the head that covers and protects the gills. 2. poraxv. A lid or 
cover, such as the removable top of a spore capsule in mosses. 


Fish whose skeletal parts consist of cartilage, such as sharks 
and skates, do not have an oPERCULUM. 


ophthalmology Vf-,thal-'mál-o-jeV n. 
MEDICINE. That branch of medicine concerned with the struc- 
ture, functions and diseases of the eye. 


OPHTHALMOLOGY includes the diagnosis and medical treatment 
of eye diseases. 


opposition Vüp-a-'zish-onN n. 
ASTRONOMY. The situation that occurs when a celestial body is 
on the side of the earth away from the sun so that a straight 
line would pass through the sun, the earth and the celestial 
body in that order; also, the condition of any two celestial 
bodies located opposite each other on the celestial sphere, with 
a difference in longitude of 180 degrees. 


The moon is full when it is in oprosrri0n. 


optical illusion \'ap-ti-kol il-'ii-zhon\ 
A situation in which a person has certain experiences or impres- 
sions from what he sees that do not correspond to physical 
reality. 


A motion picture can create the oeriCAt miUsION that an object 
which changes position in a series of still pictures projected in 
rapid sequence is in motion. 


optic nerve Vàp-tik 'norvV 
ANATOMY, The nerve that carries visual impulses from the 
retina of the eye to the brain. 


The spot where the optic Nerve is attached to the retina is 
insensitive to light. 
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optics \'ap-tiks\ n. 
puysics. The study of light and vision. Optics deals with the 
phenomena associated with electromagnetic radiation frequen- 
cies that fall between X rays and microwaves. 


In optics, many laws that describe light phenomena hold true 
for infrared and ultraviolet radiations. 


optometry Váp-'tüm-o-treV n. 
MEDICINE. The study and testing of the eyes for defects and the 
prescribing of corrective lenses. 


The practice of optometry does not include medical treatment 
of eye diseases. 


oral \'dr-al\ adj. 
ruvsioLocy. Having to do with the mouth. 


onaL hygiene is one means of preventing tooth decay. 


orbit \'or-bat\ n. 
1. ASTRONAUTICS and asTRONOMY. The circular or elliptical path 
in which a celestial object or a space vehicle revolves around 
another body. 2. puysics. The path of an electron around the 
nucleus of an atom. 3. ANATOMY. The eye socket. 


Asteroids revolve around the sun between the orsrr of Mars 
and the orbit of Jupiter. 


orbital electron Vór-bot-?] i-'lek-,triin\ 
cuemistry and puysics. An electron that forms part of an atom 
and is located outside the nucleus. It occupies a particular 
energy level, or shell, in the Bohr model for the atom. 


An ORBITAL ELECTRON sometimes shifts to a higher energy level 
when an atom absorbs energy. 


orbital period Vór-bot-?l 'pir-é-ad\ 
ASTRONAUTICS and ASTRONOMY. The time required for an orbit- 
ing body to complete one passage around the body it orbits; 
the time of one revolution. 


The onBrrAL ventop of Sputnik I, the first artificial satellite, was 
96.2 minutes. 


order Vórd-orV n. 
1. piovocy. A category of plants or animals that are related. 


An order is a subdivision of a class and is further divided itself 
into suborders and families. 2. MATHEMATICS. The arrange- 
ment of quantities or terms in some specified manner; also, the 
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ordered pair 


degree of a curve or of an equation; also, the number of rows 
or columns of a determinant. 


Man belongs to the class Mammalia, the orver Primates and 
the family Hominidae. 


ordered pair Vórd-ord 'pa(a)r\ 
MATHEMATICS. A pair of numbers, usually enclosed in paren- 
theses, described as ordered because the order in which they 
occur is important; for example, (x, y) is not generally equal . 


to E ORDINATE 
Because a rational number may be considered an ORDERED PAIR 
of integers, (2/3) may be written (2, 3). 


X-AXIS 


ordinal number Vórd-nol 'nam-ber\ 
MATHEMATICS. A number that designates position in an ordered 
sequence, as first, second or third. 


The fifth page and the eighth of May are both expressions con- 
taining an ORDINAL NUMBER. 


ordinate \'6rd-not\ n. 
MATHEMATICS. The signed number that represents the direction 
and the distance of a point from the x-axis of a Cartesian co- 
ordinate system. 


The second number of an ordered pair of numbers denoting 
a point in a coordinate system is the onviNate of the point. 


ore Vo(o)rV n. 
CHEMISTRY and EARTH SCIENCE. Any rock or natural mineral 
aggregate found in the earth's crust from which useful metals 
may be extracted. 


Bauxite is an ong of aluminum. Oral groove 
organ Vór-gonV n. 
BIOLOGY. A group of cells or tissues that forms a part of a plant Gullet 


or animal and performs a specific function. 


In plants, the leaf is a food-making oncaw. 


Ó f 
organelles \,òr-gə-'nelz\ n. Contractile vacuole 


ZOOLOGY. In one-celled organisms, small parts with special func- 


tions. They may be compared with organs in many-celled or- i 
ganisms. 


l ORGANELLES 
OF PROTOZOAN (STYLONYCHIA) 


Numerous oncANELLES called cilia enable some protozoans to 
move about. 
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organic Vor-'gan-ikV adj. 


l. CHEMISTRY. Pertaining to a carbon compound or to some- 
thing composed of carbon compounds. 2. BioLocy. Having, or 
composed of, organs; also, referring to organisms that are alive, 
or were once alive. 


Gasoline, sugar and starch are some common ORGANIC sub- 
stances. 


organic acid Vor-'gan-ik 'as-odV 


cueMisTRY. Any one of a group of carbon compounds having a 
molecule that contains the carboxyl group (—COOH). Many 
organic acids are soluble in water and display the usual acid 
properties, such as sour taste and a pH value of less than seven. 
They are usually weaker in acid properties than inorganic 
acids. 


The sour taste of vinegar is caused by the presence of acetic 
acid, an ORGANIC ACID. 


organism Vor-ga-,niz-omN n. 


wioLocv. An individual living plant or animal; also, any living 
thing. 

Two characteristics of any ORGANISM are the abilities to repro- 
duce and to carry on respiration, 


origin Vór-o-jonV n. 


1. pioLocv. The ancestry, or line of descent, of an organism or 
group of organisms. 2. ANATOMY. The larger or more central 
end of a muscle that attaches to a bone it does not move. 
3. MATHEMATICS. The point labeled 0 on a number line 
or scale; also, the intersection. of the axes of a coordinate 
system. 


The probable omi of mammals and birds was reptiles. 


ornithology \,or-no-'thiil-a-jé\ n. 
zooLocv. The science of the groups, 
ment of birds. 


onNrrioLoc is a favorite hobby of many scientists. 


forms, habits and develop- 


orogeny Vó-'rá j-o-né\ n. 
EARTH SCIENCE, The formation of mountains through such proc- 
esses as folding and faulting. 


The Appalachian Revolution was a period of OROGENY during 


which the Appalachian Mountains were formed. 
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orthocenter 


orthocenter \'or-tho-,sen-tar\ n. 
MATHEMATICS. The point within a triangle where the three 
altitudes of the triangle intersect. 


The oxrHocenter of an equilateral triangle is equidistant from 
all three sides. 


orthogenesis \,or-tha-'jen-a-sas\ n. 
BIOLOGY. A theory that evolution is caused and controlled by 
unknown perfecting laws, or laws of growth, and that species 
change along predetermined lines regardless of environmental 
conditions. 


According to omrmocExssis, the Irish elk was destined to de- 
velop the gigantic antlers believed to have contributed to its 
extinction. 


orthogonal \or-'thiig-an-"l\ adj. 
MATHEMATICS, Right-angled, or pertaining to right angles. 


If the tangents drawn to two intersecting circles at a point of 
intersection are perpendicular, the circles are said to be ontHoc- 
ONAL circles, 


oscillate Viüs-o-,latN v. 
puysics. To move in a regular manner from side to side or back 
and forth. 


The electrons in regular house current osciuLATE sixty times 
per second. 


oscillator \'äs-ə-,lāt-ər\ n. 
vaysics. An electronic device that produces high-frequency al- 
ternating current. When used in broadcasting radio waves, its 
principal use, the frequencies may range from 10 kilocycles to 
30 million kilocycles per second. 


An osciuLATOR may be based on the action of certain electron 
tubes or specific types of crystals. 


oscillograph \ii-'sil-a-,graf\ n. 
PHYSICS. A device that records variations of electrical quantity 
as à continuous curve drawn on graph paper or produced 
photographically on sensitized film. 


An osciLLocnAPH can be used to make a visual record of the 
fluctuating voltage of a varying electrical current. 


oscilloscope Vi-'sil-o-,skopY n. 
PHYSICS. An electronic instrument that shows on a fluorescent 
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ossify 


screen the changes in a varying electric voltage during a short 
time interval. By means of auxiliary devices, other forms 
of energy, such as sound or radio waves, may be changed 
into a varying electrical voltage and may also be shown on the 
screen. 


In medical research, the oscucoscore has been used to make 
a detailed study of heart action. 


O-shell \'6-,shel\ n. 
cuEMISTRY and prysics. One of the seven principal energy 
levels, identified by the letters K, L, M, N, O, P and Q, 
that electrons may occupy in an atom; the fifth principal 
energy level that electrons may occupy in the Bohr model for 
the atom. 


An atom of silver has only one electron in its 0-SHELL. 


osmosis Vi-'smo-sosV n. 
1. morocv. The diffusion of liquid through a living, semiper- 
meable membrane from a side containing less dissolved or 
suspended particles to the side containing à greater concen- 
tration of particles. 2. cuemasrny. The process by which a sol- 
vent diffuses from one solution into another solution of higher 
concentration through a semipermeable membrane, Osmosis 
tends to equalize the concentrations on both sides of the mem- 


brane. 


In the body, tissue fluid moves from the tissue into blood ves- 
sels by osmosis. 


osmotic pressure \ii-'smiit-ik ‘presh-ar\ 

cuemisrry and ruysics. The difference in pressure between 
two solutions, or suspensions, of different concentration on 
opposite sides of a membrane that is permeable to the solvent 
only. Osmotic pressure is caused by a net diffusion of solvent 
toward the more concentrated solution or suspension. It is 
measured as the pressure that, when applied to the more con- 
centrated solution or suspension, will prevent the movement 
of additional solvent into the solution or suspension. 


Red blood cells placed in pure water will swell and burst as a 
result of OSMOTIC PRESSURE. 


ossify Vás-o-,fiV v. 


pHysioLocy and zooLocy. To become, or be changed into, 
bone. 

Cartilage in the wrists of young children will later osswv into 
wristbones. 
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osteology 


osteology \,äs-tē-'äl-ə-jē\ n. 
1. Mepicine. The study of the bones of man and other verte- 
brate animals. 2. ANATOMY and zooLocy. The set of bones 
making up a skeleton or a part of it. 


osrEoLocv has made it possible for doctors to correct many de- 
fects in human bone structure. 


ostiole \'äs-tē-,ōl\ n. 


ANATOMY. A small opening or pore. AW" T em Ae v. d 
Each pore through which perspiration reaches the skin is an OUTCROP tee 
OSTIOLE, 


ounce \'atin(t)s\ n. 
MATHEMATICS. A unit of weight that is equal to 44 pound in 
avoirdupois weight, or 4» pound in troy or apothecaries’ 
weight. 


An ounce is equivalent to 28.3495 grams. 


outcrop \'aut-kriip\ n. 
EARTH SCIENCE. An exposure of bedrock; also, a vein or any 
rock strata at the earth’s surface. 


An ourcrop may occur when materials overlying bedrock are 
carried away by running water. 


outlier \'aùt-,līi(-ə)r\ n. 
EARTH SCIENCE. An isolated group of rocks or a detached forma- 
tion that was once part of a larger formation but that became 
separated by erosion. An outlier is surrounded by underlying 
rocks of older age. 


OUTLIER 


A butte is an OUTLIER. 


output \'aut-,put\ n. 
puysics. The energy or signal produced by a device or machine; 
especially, the electrical energy or electrical signal produced 
by devices such as transformers or oscillators; also, a quantity 
of energy or an intensity of signal. 


The efficiency of any machine is the ratio of the outeur to the 
input. 


OVARY 
i = WILD GERANIUM 

ovary Vóv-(o-)reV n. 

BIOLOGY. A female organ of reproduction. It produces eggs in 

animals and megaspores in plants. 


A fruit is a ripened ovary. 
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overburden Vó-vor-,bard-?nV n. 
EARTH sCIENCE. The earth material covering a mineral deposit, 
especially one that can be mined in an open pit; also, loose 
sand and gravel lying above bedrock. 


Coal may be mined in open pits, or strip mines, if the OvER- 
BURDEN is not too thick. 


overtone \'6-var-,ton\ n. 
prysics. A certain frequency that is a multiple of the funda- 
mental frequency of a vibrating or oscillating system. It is usu- 
ally applied to sound energy. 


An overtone contributes to the quality of a musical tone. 


oviparous Vo-'vip-(o-)resV adj. 
zoorocv. Descriptive of the reproductive pattern in which eggs 
are expelled from the body of the female and offspring sub- 
sequently hatch from the eggs. 


All birds are ovirarous, but some fish and reptiles are not. 


ovule \‘5-(,)vyii(a)I\ n. 
norANY. In seed plants, the sac or body in which the egg forms 
and which contains the female gametophyte. After fertilization 
of the egg, the ovule develops into a seed. 


An ovuLE is technically known as a megasporangium. 


ovum \'6-vom\ n. 
BIOLOGY. An egg cell; see egg. 
A fertilized ovum is the very first stage in the life of an 
organism. 


oxbow lake \'äks-,bō "lakV 
EARTH SCIENCE. A crescent-shaped lake formed by a cutoff that 
isolates a bend, or meander, from the main stream. 


An oxpow LAKE is usually found in very wide and quite level 
valleys. 


oxidation V ák-so-'da-shenV n. 
cugMisrRy. The chemical reaction of a substance with oxygen 
that results in one or more oxides; also, a reaction that causes 
an atom or an ion to lose one or more electrons. 


The slow oxiarioN of aluminum in air produces an airtight 
film of aluminum oxide that prevents further oxidation. 
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